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ABSTRACT 
Intensive containerized-plant production systems in the ornamental nursery industry require 
high levels of water and chemical inputs to meet market demands and produce high quality 
plants over short periods of time. Inoculants based on plant-growth promoting rhizobacteria 
(PGPR) are applied extensively to agricultural crops to improve plant growth and at the same 
time reduce chemical inputs including fertilizers and pesticides which can cause 
environmental degradation. However, PGPR application in the ornamental industry has not 
been widely studied.  
 
The overall aim of this project was to evaluate the effectiveness of PGPR on the growth and 
development of ornamental plants of high value to the nursery industry by selecting the most 
responsive PGPR and ornamental host plant combination. This project also investigated the 
efficacy of several different formulations of PGPR to improve root growth parameters of 
cuttings and investigated the development of suitable formulations for IAA-producing PGPR.  
 
The development of roots from cuttings was an effective method to measure PGP effects of 
PGPR in ornamental plants and for evaluating the most responsive combination of PGPR-
ornamental plant.  
 
The highest IAA producer, Azospirillum brasilense Sp245 and the most responsive plant 
Lavandula stoechas (lavender) were selected to further evaluate the potential of PGPR in 
cutting propagation. When grown in sand and water media, Sp245 culture grown with 
tryptophan showed comparable effects to commercial rooting hormone in stimulating root 
growth of L. stoechas cuttings. This formulation was more effective than other Sp245 
treatments and commercial biofertilizer product.  
 
There was a positive relationship between increased IAA concentration contained in the 
immersion solution and improved root growth parameters and this was especially apparent 
in sand media. Less observable PGP effects in water medium may have been a result of an 
IAA dilution effect. There was only a weak positive relationship observed between numbers 
of viable cells recovered from cuttings with root growth (only 0.6-19% variability in root 
growth parameters could be explained by number of viable cells recovered from cuttings). 
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However, more consistent plant growth promotion was observed when cuttings were treated 
with IAA-producing viable cells than with cell-free extracts of IAA in the supernatant of Sp245 
cultures. This indicates that improved root growth parameters were not only due to the IAA 
concentration alone but may be partly due continuous secretion of IAA after colonisation of 
the plant. 
 
Peat cultures Sp245 and freeze-dried commercial biofertilizer resulted in low IAA production 
and were ineffective for L. stoechas propagation. Future work on the development of 
inoculant technology that may be useful to the ornamental industry should focus on the 
minimum number of viable PGPR required as well as stimulation of IAA production.  
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CHAPTER 1 LITERATURE REVIEW 
 
 
1.1 Introduction 
Intensive containerized-plant production systems in the ornamental nursery industry require 
high levels of water and chemical inputs to meet market demands and produce high quality 
plants over short periods of time. Potting media used in containerized-plant production 
retains limited nutrients. In addition, the confined space and the small volume of the media 
limit potted plant roots to explore and obtain sufficient nutrients, therefore frequent nutrient 
amendments are required to support plant growth. The long term use of excessive chemicals, 
including fertilizer, may lead to run-off and degradation of the surrounding environment at 
levels similar to agricultural sites.  
 
Inoculant-based plant growth promoting rhizobacteria (PGPR) are applied extensively to 
agricultural crops to improve plant growth and at the same time reduce chemical inputs 
including fertilizer and pesticide which can cause environmental degradation. However, PGPR 
application in the ornamental industry has not been widely studied. Ornamental plant 
propagation is a critical part of the industry to ensure aesthetic values which may be altered 
as a result of seed propagation. For that reason, many growers propagate ornamental plants 
vegetatively by cuttings.  
 
Research on PGPR has covered many aspects from the isolation of potential PGPR strains 
from plant roots, in vitro and field application of PGPR, to developing reliable inoculant 
formulations as biocontrols or biofertilizers. However, results are inconsistent and difficult to 
reproduce, due to the complexity of plant-PGPR interactions in nature. Positive results 
obtained from in vitro-based studies do not necessarily ensure a success in field trials. The 
promotional effects of PGPR may be more consistently achieved if plant growth promoting 
(PGP) mechanisms during the interaction are properly clarified using molecular approaches. 
 
This chapter aims to review practices for ornamental production in the nursery industry and 
explore PGPR application as an environmentally friendly alternative to chemicals for 
improved plant growth. A summary of PGPR studies conducted in ornamental plants 
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including inoculation methods and positive responses observed from interaction of PGPR-
ornamentals is also included. 
 
1.2 Plant growth promoting rhizobacteria (PGPR) 
The rhizosphere is the thin layer of soil adjacent to plant roots that is influenced by root 
activities. This term was first introduced by Lorenz Hiltner, a soil microbiologist, in the early 
1900’s after years of study on the role of different plant (legumes and non-legumes) root 
exudates in attracting different bacterial communities surrounding the root zone. He also 
studied how the bacteria colonizing the root surface and epidermis influence plant nutrient 
availability (reviewed in Hartmann et al., 2008). Hiltner’s original definition of the rhizosphere 
has now been extended to cover the larger proportion of the soil around plant roots that is 
also affected by root growth and activities in terms of the soil physical, chemical and 
biological properties (McCully, 2005). The rhizosphere is an intense interactive zone as the 
root releases sugars, amino acids and other organic compounds that can be utilised by soil 
microorganisms, including bacteria, for their viability (Dobbelaere et al., 2003; Singh et al., 
2004; Lambers et al., 2009). This nutritious environment results in a much higher population 
of bacteria in the rhizosphere but a lower diversity/species richness than in the bulk soil (van 
Loon and Bakker, 2003; Lugtenberg and Kamilova, 2009). The bacteria that occupy the 
rhizosphere are collectively termed rhizobacteria. Rhizobacteria can have profound effects on 
plant health and nutrition. 
 
The interaction or communication between plants and rhizobacteria occurs through chemical 
signals released by both partners. The structure of the rhizobacterial community is affected 
by several factors including plant genotype and is determined by the amount and 
composition of root exudates (Marschner et al., 2004). In addition, the soil type and fertility 
are contributing factors that also shape the community (Innes et al., 2004). The rhizobacterial 
community may influence this interaction by exuding compounds as a means of 
communication that is recognisable by neighbouring bacteria and root cells of host plants 
(Bais et al., 2004; Gray and Smith, 2005). This form of communication can affect plant 
growth, nutrient status and also susceptibility to stress and pathogens in the host plant 
(Morgan et al., 2005).  
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Antoun and Prévost (2006) classified rhizobacteria as being neutral, deleterious or beneficial. 
The presence of the neutral group might be insignificant to the host plant, while deleterious 
rhizobacteria produce metabolites adverse to plant health. The concept of deleterious 
rhizobacteria is debatable because previous studies on this topic were mostly done in 
gnotobiotic and soil-less conditions without any challenge from native soil bacteria (cited in 
Antoun and Prevost, 2006) and these conditions are unlikely to exist naturally. In addition, 
Glick et al.(1999) stated that more destructive effects on agronomically important crops are 
mostly caused by phytopathogenic fungi, such as Fusarium and Phytium genera, thus the 
negative effects of deleterious rhizobacteria on plant growth are rarely discussed in relation 
to this topic. The beneficial category of rhizobacteria are able to promote plant growth and 
development, and are generally further grouped according to their physical interaction with 
the host plant (Glick et al., 1999). Beneficial rhizobacteria may form symbiotic interactions 
which involve modification of the host plant root morphology through nodule formation. 
Other beneficial rhizobacteria are free-living in the soil and employ associative relationships 
with the host plant. These free-living rhizobacteria are defined as plant growth promoting 
rhizobacteria (PGPR) and form associations with many different plant species (Kloepper et al., 
1989). 
 
PGPR are indigenous to soil and are able to competitively colonize plant roots. An effective 
root colonist is a fundamental trait for PGPR in order to survive in the rhizosphere and root 
surface, and to establish and effectively support host plant growth (Lugtenberg and Dekkers, 
1999; Kamilova et al., 2005). Originally, the definition of PGPR only referred to free-living 
beneficial rhizobacteria (Kloepper et al., 1989), but over the years the definition has been 
extended to any root colonizing bacteria including symbiotic rhizobacteria (Antoun and 
Prevost, 2006). However, symbiotic rhizobacteria, especially rhizobia which are capable of 
fixing nitrogen in leguminous crops, are not usually considered as PGPR (Spaepen et al., 2009) 
and will not be discussed in this review. Recognition that root-associated bacteria can 
stimulate plant growth began in the mid 1920’s and more recently renewed interest in the 
1970’s. This field of research provides a potentially useful method for sustainable production 
of important staple food crops such as wheat, rice and maize (Dobbelaere et al., 2003). 
 
PGPR comprise a broad range of soil bacterial taxa (Vessey, 2003; Lucy et al., 2004). Some 
common and well identified genera are Azospirillum, Pseudomonas, Azotobacter, and 
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Bacillus. Azospirillum is a Gram negative, motile vibrio or spirillum, 1 µm in diameter, and is 
one of the most well studied genera since being identified as a free-living beneficial root 
associated bacteria (J. A. W. Morgan et al., 2005). The Bashan foundation, a non-profit 
scientific organization in Oregon, USA, has extensively studied and dedicated one of its major 
research programs to PGPR especially Azospirillum. The foundation provides a number of 
comprehensive papers on this particular genus, from the effective isolation and 
quantification methods from wheat roots, root colonization characteristics in different plant 
species, detailed PGP mechanisms, ecology, agricultural applications, physical and molecular 
studies and also the future challenges and potential use of Azospirillum as a commercial PGP 
inoculant (Bashan and Levanony, 1985; Bashan et al., 2004; Mayak et al., 2004a; Bashan and 
de-Bashan, 2010). 
 
Another example of a well-identified PGPR is Pseudomonas. Pseudomonas is an aerobic Gram 
negative, fast growing, competitive root colonist, and is commonly found in the rhizospheren 
(Weller, 2007). Lugtenberg and Dekkers (1999) reviewed molecular based studies on 
identifying traits responsible for effective colonization of Pseudomonas by screening impaired 
mutants on different plants, then comparing their colonization ability with the wild type. The 
authors noted that slow growth and an inability to biosynthesize essential amino acids are 
among factors affecting the rhizosphere competence of PGPR. Kumar (2011) found that 
effective root colonization and survival in the presence of indigenous soil inhabitants, 
determine the rhizospheric competency of a PGPR.  
 
Some Pseudomonas strains have been shown to improve plant growth by releasing a wide 
range of antifungal metabolites that suppress the growth of pathogens of agronomically 
important crops in both laboratory and field trials (Haas and Keel, 2003). Amein (2008) 
reported that a strain of P. fluorescens provided consistent protection to field grown winter 
wheat seedlings from blight disease over two growing seasons. A considerable increase in 
plant survival rate and yield were also reported. 
 
Bacillus is a Gram positive aerobic organism that can resist environmental stress by forming 
endospores (Kumar et al., 2011) and many strains of Bacillus and Paenibacillus are known to 
stimulate plant growth. Emmert and Handelsman (1991) highlighted the endospore forming 
character of Bacillus as an important characteristic for a potential biocontrol inoculant as the 
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spore can endure heat and desiccation ensuring the formulation will be stable over time. This 
genus is considered non-rhizosphere competent, unlike Pseudomonas, but given that 
rhizospheric competency is strain-dependent, some strains of Bacilllus may be rhizosphere 
competent (Kumar et al., 2011).  
 
PGPR have attracted increasing attention over the years as more significant results in plant 
health and yield are reported. PGPR offer an environmentally friendly alternative for 
maintaining crop productivity in intensive agricultural practices. They may reduce excessive 
use of chemical inputs in agriculture and therefore decrease environmental degradation. 
Nutrient leaching and run-off can increase the nutrient content of environmental water, 
promote algal growth and decrease dissolved oxygen levels creating harmful conditions in 
water ecosystems. An example of a severe nutrient run-off occurred in the Gulf of Mexico in 
midsummer 2001, where 20,700 km2 became permanently hypoxic (oxygen deficient) due to 
fertilizer run-off that was carried by the Mississippi river from agricultural sites (Rabalais et 
al., 2002). Other effects of chemical nitrogen (N)fertilizer include leaching of nitrate (NO3
-) to 
ground water, high nitrous oxide (N2O) emissions to the atmosphere and greenhouse gas 
emissions during N fertilizer production and transport (reviewed in Biswas et al., 2000). 
 
PGPR may provide essential nutrients for plant growth or enhance nutrient availability, play a 
role in pathogen suppression, offer environmental sustainability and improvement of soil 
health in the long term (Vessey, 2003; Lucy et al., 2004; Lugtenberg and Kamilova, 2009) 
thereby potentially reducing the use of chemical fertilizers and pesticides. 
 
1.3 Ornamental industry 
Increasing attraction and demand for ornamental plants have made the floricultural industry 
one of the fastest growing agribusiness sectors worldwide. The main purpose of the 
ornamental industry is to provide high quality plant products, however this utilizes great 
amounts of water and chemical inputs such as fertilizer and synthetic growth hormones to 
obtain optimal plant growth and meet consumer demand. Even though the total land use by 
the ornamental industry may not be as large as that of crop plants, intensive containerized 
plant production potentially affects the surrounding environment, due to run-off from 
excessive fertilizer use, at levels similar to intensive agricultural sites (Miller, 2003). The use 
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of PGPR has been proposed as a way to reduce the negative effects of fertilizer use in this 
industry. 
 
1.3.1 Ornamental production in the nursery industry 
Over the years there has been a changing trend in the techniques of ornamental plant 
production. Traditionally, growers focused on extensive field systems to produce their plants, 
but since the early 1970’s, they have shifted to high density production per unit area using 
containerized plants due to increasing resource costs (Majsztrik, 2010). Ornamental plants in 
nursery systems are usually produced in soil-less substrates or potting media. Soil substitutes 
were suggested as an alternative to soil, because confined soil in containers may cause 
impeded water drainage, poor aeration and disease development during production 
(Majsztrik, 2010). Peatmoss, pine bark or compost are common elements of potting media 
for containerized plants (Chen et al., 2002), however increasing peat prices due to mining and 
shipping costs has led to the evaluation of alternative materials (Wright et al., 2008; Moral et 
al., 2009).Pine bark and coconut coir are some examples of frequently-used peatmoss 
substitutes. 
 
Containerized plant production represents an intensive horticultural practice, because in 
order to achieve high quality products, container-grown plants require large amounts of 
water and fertilizer as a result of nutrient limitation in the small potting media volume. Along 
with the shifting mode of production, these intensive practices are having negative impacts 
on the local environment. Since most potting media are porous in nature and have lower 
exchange capacities, they will stimulate nutrient leaching from the container (Bilderback et 
al., 2007). 
 
Even though the use of chemical fertilizers is highly important to enhance plant growth and 
ornamental quality, their long-term overuse may cause environmental degradation 
(Gyaneshwar et al., 2002). In the nursery industry, there have been many efforts to discover 
better management practices related to the use of chemical fertilizer in efforts to minimize 
environmental damage. Several researchers have highlighted the over-application of water 
and fertilizer as a major issue in nursery production (Green et al., 1998; Lea-Cox et al., 2001; 
Chen et al., 2002; Ristvey et al., 2007) and Green et al. (1998) found that plants may capture 
and utilize less than 10% of the water and fertilizer applied resulting in low nutrient uptake 
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and nutrient loss through leaching (Ristvey et al., 2007). Low nutrient uptake in high-value 
ornamental plants may be a result of the use of artificial nutrients and water-rich confined 
systems continuously driving plants to focus on maximizing shoot growth. This results in 
ineffective root systems with less need to explore for water and nutrients in the growth 
substrate (Lea-Cox and Ristvey, 2003). 
 
1.3.2 Application of chemical fertilizer 
To date, container grown plant research has focused on efforts to increase efficiency of 
nutrient uptake in ornamental production while reducing nutrient losses through the 
application of more efficient fertilizers. Water-soluble fertilizer (WSF) and controlled-released 
fertilizer (CRF) are types of efficient fertilizers which have been regularly used in the nursery 
industry (Chen et al., 2002). WSF is usually applied through irrigation systems such as 
overhead, drip, sub-irrigation or combinations between drip and subirrigation; this system is 
usually called fertigation. In this system, fertilizer can be simply adjusted to growth 
requirements of the plant (Majsztrik, 2010), however, each system has its own 
disadvantages. 
 
The application of overhead fertigation has the possibility of fertilizer run-off and salt build 
up on the ground. Using drip irrigation or a combination between drip and subirrigation 
avoids leaf absorption of chemicals, employs less labour and allows better timing of 
fertilization of plants in line with their growth stage. Nevertheless, the holes in the irrigation 
tube are usually small and can be easily blocked by root growth, media particles, chemical 
precipitates or biological blockages such as bacteria and algae, so unequal fertilization may 
occur (reviewed in Carrasco and Urrestarazu, 2010). 
 
CRF technology applies hydrophobic polymer coated elements on granules of fertilizer, 
ensuring the gradual release of nutrients suitable to each plant growth stage thereby 
improving fertilizer effectiveness and reducing contamination of the environment (Du et al., 
2006). The first stage of constant fertilizer release mechanism of a single granule was 
described by Shaviv et al. (2003). As water vapour condenses through to the membrane of 
the granule coating, it dissolves a part of the dry nutrients thus causing an internal pressure 
change and the formation of a saturated nutrient solution. Then, the nutrient is released 
through a diffusion mechanism, due to resistance of the coating membrane to internal 
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pressure, by a ‘concentration gradient across the coating’. The fertilizer is diffused at a 
gradual rate as long as the pressure gradient between the undissolved granule and saturated 
solutions remains constant. The rate and timing of fertilizer release are controlled by the type 
and thickness of the coating material (Lubkowski and Grzmil, 2007). CRF application in 
containerized ornamentals or woody plants has shown positive results in improving 
commercial plant quality and reducing environmental contamination at the same time 
(Wilson and Struve, 2006; Segura et al., 2007; Andiru, 2010). 
 
Although the nutrient release rate is controlled by a coating diffusion mechanism, 
temperature appears to significantly affect the process and impacts on the CRF release 
characteristics since the rates will increase with a rise in temperature and vice versa (Huett 
and Gogel, 2000; Du et al., 2006). Husby et al. (2003) reported nutrient release rates of CRF 
were positively correlated with increase in temperature during 20 hours of observation. Since 
release rate is temperature dependent, the highest release rates would be during summer 
when plants require high amounts of water, potentially leading to high nutrient run-off 
because of intensive irrigation (Majsztrik, 2010). The author also suggested temperature-
based fertilizer, such as CRF does not support plant nutrient uptake requirements because 
ornamentals require high nutrients mainly during relatively low temperature months. 
However, Merhaut et al. (2006) reported that CRF release rates performed under controlled 
temperature conditions did not seem to be affected by temperature. Management practices 
in the nursery industry including supervision and regularly checking on growing conditions 
along with appropriate irrigation when CRF is applied are required to avoid excess fertilizer 
run-off in the environment. Furthermore, selecting effective coating components which 
synchronize plant biological requirements with stable release rates under fluctuating field 
conditions need to be better assessed. 
 
1.3.3 Application of organic fertilizer 
Sustainable agricultural systems, including floriculture, that use organic materials such as 
farmyard manure, agricultural waste and vermicompost (plant and animal waste composted 
through the worm activity) are considered to be environmentally friendly alternatives for 
improving ornamental growth compared with chemical fertilizers. Biodegradable waste, 
municipal solid waste or household waste have also been shown to enhance organic N and C 
availability to plants, maintain soil pH and repair physical soil quality without changing the 
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soil bacterial community (Crecchio et al., 2001). The application of organic material has been 
reported to improve high-value ornamental plant quality significantly compared to those 
treated with inorganic fertilizer. 
 
In a study on the effect of organic fertilizer in marigold (Tagetes erecta L.), vermicompost 
resulted in better plant performance compared with other soil amendments tested (including 
a commercial product originating from a mixture of animal manure and Thiobacillus). The 
vermicompost addition resulted in increased flower number, flower diameter, and root fresh 
and dry weight. Plant vermicompost could be applied as an alternative fertilizer in the 
ornamental industry considering vermicompost production is more cost effective compared 
to commercial products, and facilitates waste management due to the composting process 
which consumes urban waste as a raw material (Nazari et al., 2008). In a different study, 
Chang et al. (2010), used pea and rice hull compost (PRHC) as the only N source to grow 
anthurium in a soil-less substrate. The results showed similar growth, yield and cut flower 
quality to the plants receiving CRF or chemical nutrient solution, confirming sufficient 
nutrition from PRHC for anthurium cut flower production. In contrast, Cantaragiu and Toma 
(2008) found that poinsettia fertilized with cattle manure solution displayed growth and bract 
colouring quality below acceptable standards compared with inorganically fertilized and 
control treatment plants. These findings imply inconsistent responses of plants when organic 
material is used as the N source, especially in relation to maintaining ornamental quality in 
nursery production. Additionally, some organic fertilizers may release strong odours. 
 
Increasing intensive livestock farming has resulted in a rise in the amount of organic waste. 
Thus, the application of composted manure as an ornamental substrate component could be 
a sustainable and effective waste treatment method; compost amended with manure 
enriches its N and P content (Moral et al., 2009). Although manure is able to significantly 
increase soil fertility and maintain pH, the high concentration of N combined with long term 
use may potentially lead to environmental pollution. Furthermore, manure application may 
also result in greenhouse gas emission (GHG) in the atmosphere due to the high content of N 
and C (Jarecki et al., 2008).  
 
Studies on the effects of organic fertilizer have shown that the amendments not only improve 
nutrient availability to plants and physical soil quality, but also affect the soil microbial 
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community (Marschner et al., 2003; Pérez-Piqueres et al., 2006). Nutrient release of 
composted organic material that results in increasing soil quality is considered to be due to 
soil microorganism activity. Arancon et al. (2008) suggested that the influence of 
vermicompost on increasing germination rates, vegetative growth and number of flowers in 
petunias was a result of better potting media structure, increased population of beneficial 
microorganisms and hormones produced by these microbes. Given that both inorganic and 
organic fertilizers are at risk of stimulating environmental pollution, soil microbes including 
rhizobacteria have a promising future as environmentally friendly fertilizer in the ornamental 
industry.  
 
1.4 Potential applications of PGPR 
Potential applications of PGPR are mainly classified by the mechanisms used to stimulate 
plant growth and health during interactions with the host plant. PGPR may perform as a plant 
disease suppressor and/or plant growth promoter via several different mechanisms which is 
why PGPR can be applied as a biocontrol and/or a biofertilizer.  
PGPR control growth of plant pathogens by antagonistic activities and activating plant 
resistance to pathogenic microorganisms. The antagonistic mechanisms include antibiotic 
production, competition and parasitism, whereas biofertilizer mechanisms involve nutrient 
acquisition and uptake, plant growth hormone production and reducing negative effects of 
environmental stress.  
 
1.4.1 Biofertilizer 
Vessey (2003) defined biofertilizers as substances containing living microorganisms which 
colonize the rhizosphere of the plant and promote plant growth through the increased supply 
or availability of important nutrients during their association with the host plant but they do 
not directly release substantial amounts of nutrients such as organic fertilizer. PGPR which 
possess these mechanisms are referred to as biofertilizers and they act as an alternative to 
chemical fertilizer. Biofertilizers have attracted much attention due to their potential to 
reduce the use of chemical fertilizers which are hazardous to humans and animals and also 
pollute the environment in the long term or after excessive use. Several specific mechanisms 
have been reported and proposed to describe how PGPR directly improve the nutrient status 
of plants. Some bacteria may possess and utilize different mechanisms in the host plant 
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depending on the life cycle or requirements of the host plant (Glick et al., 1999). Hafeez et al. 
(2006) suggested that a PGPR that possess several plant promoting mechanisms was more 
potential to be used as biofertilizer as shown by Bacillus pumilus 8N-4 that produced high 
amount of IAA, siderophores and solubilised phosphate. Inoculation of the bacteria showed 
maximum increase in plant biomass and total N and P in wheat.  
 
1.4.1.1 Associative biological nitrogen fixation 
Despite its abundance in the atmosphere, N is known as a plant growth limiting factor. 
Consequently, the availability of N for plants is crucial. The N has to be reduced to ammonia 
so it can be utilized by plants to produce nucleic acids and proteins. Free-living diazotrophs, a 
group of bacteria which are able to convert atmospheric nitrogen (N2) into readily usable 
ammonia, may be considered as PGPR. This is a high energy-requiring process which may be 
biologically catalysed by the nitrogenase enzyme and regulated by nitrogen fixation genes 
(nif) and is called biological nitrogen fixation (BNF) (Glick et al., 1999). 
 
Although the inoculation with diazotrophic bacteria such as Azospirillum, Azoarcus and 
Pseudomonas spp. has shown improvement in growth, nitrogen content and yield in cereal 
grains (including wheat and rice), evidence of BNF being the main mechanism employed 
causing plant improvement was not significant (reviewed in Lucy et al., 2004). This result is in 
agreement with experiments using non-nitrogen fixing (Nif-) mutants of Azoarcus done by 
Hureket al. (1994) in rice seedlings. The authors observed that the bacteria were still capable 
of enhancing plant growth and development despite losing their nitrogen fixation ability, 
indicating that the enhanced plant growth may involve other mechanisms than direct 
transfer of nitrogen from the diazotrophic bacteria to the host plant. 
 
Additionally, nitrogenase activity is inhibited by the presence of ammonia and is not likely to 
support plant growth by fixing nitrogen in highly nitrogen-fertilized environments, such as 
intensively-fertilized agriculture (Dobbelaere et al., 2003). Sevilla et al. (2001) investigated 
sterile sugarcane growth in two different growth media, N-sufficient and deficient, in 
combination with inoculation of non-nitrogen fixing (nifD-) mutants of Acetobacter 
diazotrophicus which lack the ability to fix N2. In this study, they found that in N-deficient 
conditions, plants inoculated with nifD- mutants had lower total nitrogen contents and also 
less growth than the plants treated with the wild type suggesting that the transfer of nitrogen 
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fixed by the wild-type inoculants to the host plant might be involved in supporting sugarcane 
growth. When N was sufficient for plant growth, significantly better growth was observed in 
sugarcane inoculated with the mutant or wild type than uninoculated plants. However, there 
was no significant difference in the plant growth between the bacterial inoculations 
indicating involvement of other mechanism in Acetobacter diazotrophicus in enhancing plant 
growth other than BNF as the mutant was not capable of fixing N2.  
 
1.4.1.2 Increasing nutrient uptake 
PGPR inoculation potentially reduces chemical fertilizer application and in the long term, may 
decrease chemical build up in agricultural soils. Chemical build up is caused by low plant 
nutrient uptake efficiency combined with years of overuse of chemical fertilizer. Chemicals, 
especially phosphorus (P), easily precipitates, sometimes up to 90%, after being applied to 
soil thus making the mineral less available to plants and remaining in the soil (Gyaneshwar et 
al., 2002). In addition, application of organic fertilizers such as manure and compost, which 
increase soil nutrient levels, may also cause nutrient build up and are possible run-off in the 
environment similar to chemical fertilizers (Mitchell and Tu, 2006).  
 
Several studies by Adesemoye and colleagues have described enhanced plant nutrient uptake 
efficiency as a proposed PGP mechanism. They found that some PGPR strains were able to 
enhance plant nutrient uptake efficiency by substituting for chemical fertilizer. Adesemoye et 
al. (2008) reported that corn inoculated with commercial PGPR and arbuscular mycorrhiza 
fungi (AMF), either singly or combined in combination with two fertilisation amendments 
(ammonium nitrate and poultry litter), had better growth and significantly better yield than 
uninoculated corn. The significantly increased N, P and potassium (K) content in the corn 
grain and silage from plot with inoculants reflected enhanced plant nutrient uptake and the 
level of those nutrients removed from the field plot. As this study was conducted for three 
years on a long-term corn field, the removal of N, P and K from the field plot (in the form of 
yield or plant removal) that had been planted with microbial-inoculated corn may lead to 
fertilizer build up reduction thus potentially reduce loss of the nutrients from the field to the 
surrounding environment. 
 
Adesemoye et al. (2009) then investigated the relationship between inoculants and reduced 
rates of recommended N fertilizer doses in tomato plants. In this study, tomato plants were 
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inoculated with PGPR, AMF or a mix of both, in combination with 0, 75 and 100% of the 
recommended N fertilizer rate. The results showed that mixed inoculation with 75% N 
demonstrated comparable plant growth and nutrient uptake (N and P) to the full rate 
fertilizer treatment without inoculants. A combination of inoculants and lower fertilizer rates 
(<75%) showed inconsistent results indicating that the inoculants were not able to fully 
replace the use of chemical fertilizer but potentially reduced its rate.  
 
Further to these results, Adesemoye and colleagues (2010) analysed tomato plants fertilized 
with 15N-depleted isotope that has lower 15N concentration (0.01 atom%) than the natural 
abundance of 15N (0.336%) to monitor N movement and to demonstrate that PGPR 
inoculation improved plant uptake of N from applied fertilizer and not only from residual N 
contained in the soil. PGPR used in this experiment was a mixture of Bacillus 
amyloliquefaciens strain IN937a and B. Pumilus strain T4 that not capable of fixing N2. The 
authors found that in the general, concentration of 15N contained in per gram of plant tissue 
decreased as applied 15N fertilizer level increased. The decrease was a result of applying 
fertilizer containing15N-depleted isotope to plants. When using this depleted isotope, atom% 
of15N per gram of plant tissue decreased as 15N uptake by plant tissue increased. Therefore 
further decrease in percentage of 15N per gram of plant tissue indicating increased 15N uptake 
from fertilizer applied as shown by tomato plants inoculated with PGPR mixture inoculation 
together with 80% fertilizer. These plants showed significantly lower 15N% contain per gram 
of tomato tissue than those found in plants treated with 80% fertilizer suggesting that PGPR 
inoculation increased N uptake by the plants. From these results, they concluded that 
mechanisms, other than N2, fixation must be involved in increasing N uptake since the 
bacterial strains used in the experiment were not capable of N2 fixation. 
 
1.4.1.3 Auxin production 
Roots are the primary way a plant absorbs water and essential nutrients, consequently better 
root structure and development are required to enhance nutrient uptake efficiency and 
promote plant growth. Nutrient enhancement has been proposed as a mechanism of PGP 
due to specific alterations in root structure related to phytohormone production by PGPR 
during interactions with host plants. Some results in studies that examined N2 fixation as a 
major PGPR mechanism in non-legume plants showed that bacterial fixed-N is an insignificant 
supply for host plant requirements (Spaepen et al., 2009), so recent PGPR research has given 
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more attention to exploring other PGP mechanisms such as phytohormone production, 
especially auxin. PGPR may produce gibberellins and cytokinins but most attention has 
focused on the production of the auxin, indole-3-acetic acid (IAA). Barbieri et al. (1986) was 
first to report that plant responses to PGPR inoculations were more likely due to the auxin 
production mechanism than N2 fixation. They inoculated wheat seedlings with PGPR mutants 
impaired in N2 fixation ability and auxin biosynthesis and found that root growth was reduced 
when inoculated with a Nif-mutant that synthesized less IAA. Inoculation with a Nif-mutant 
that was a high IAA producer resulted in similar plant responses to the control that had been 
inoculated with a wild type, Nif+and IAA producer, that stimulated the number and length of 
lateral roots.  
 
Khalid et al. (2004b) isolated bacterial strains from the rhizosphere of several different cereal 
plants and found that up to 80% of the bacteria isolated were able to synthesize auxin 
without the presence of a precursor. The authors then compared auxin production in 
rhizosphere and non-rhizosphere soils by inoculating the highest bacterial auxin producers in 
rhizosphere and non-rhizosphere soil separately. The results showed that the hormone 
concentration was greater when the bacterial strains were inoculated in rhizosphere soil 
compared to non-rhizosphere soil, in the presence of the IAA precursor L-tryptophan, 
suggesting some inoculated bacterial strains may enhance auxin biosynthesis in the 
rhizosphere soil, despite the presence of the rhizosphere indigenous microorganisms, and 
subsequently induce plant growth.  
 
IAA production has been widely observed in many rhizosphere microorganisms such as 
Azospirillum, Enterobacter and Pseudomonas (Patten and Glick, 2002; Dobbelaere et al., 
2003; Baca and Elmerich, 2007). IAA is also produced naturally in plants and affects many 
important physiological processes including root proliferation and elongation (Salisbury and 
Ross, 1992) The level of IAA produced by PGPR may affect host plants either positively or 
negatively (Glick et al., 1999). IAA may enhance root length and promote better-developed 
plant root systems, however, when the IAA concentration or inoculum is too high or too low, 
plant root growth may be inhibited. The effects of PGPR-produced IAA on root morphology 
and development in relation to IAA and inoculum concentrations was provided by 
Dobbelaere et al. (1999). Their experiments analysed wheat seedlings inoculated with 
increasing concentrations of wild type and mutants of Azospirillum brasilense Sp. 7 and Sp. 
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245 (106-109cfu/mL). Inoculation with the wild type significantly inhibited root length and 
enhanced root hair formation compared to inoculation with dead cells, or the control. 
Conversely, wheat plants inoculated with mutant strains, impaired in the ipdC gene, which is 
involved in IAA synthesis, had very few root hairs, but no root length inhibition was observed. 
Furthermore, the authors also observed that the root length inhibition and root hair 
formation were more pronounced at high inoculant concentrations (108-109). Application of 
synthetic exogenous IAA to the roots, at increasing concentration (10-9-10-4 M), showed 
identical effects to the PGPR inoculation treatment. It was concluded that the changes in root 
morphology might be a result of IAA produced by PGPR. 
 
Even though some strains of rhizobacteria synthesize IAA in the absence of the precursor 
tryptophan in bacterial growth mediums, studies have shown that the concentration of IAA 
will increase significantly with the addition of tryptophan in the growth medium (Patten and 
Glick, 2002; Khalid et al., 2004a; Ahmad et al., 2005). Khalid et al. (2004b) reported that plant 
roots also excrete tryptophan which may be used as an IAA precursor source for PGPR.  
 
1.4.1.4 Ethylene regulation 
Ethylene is the only gaseous plant hormone and has been considered as a plant growth 
inhibitor and also a growth promoter (Pierik et al., 2006). Ethylene also plays an important 
role in activating plant defence response mechanisms in abiotic and biotic stress conditions, 
such as drought, flooding, nutrient stress and the presence of pathogens (Glick, 2005; Hogan 
et al., 2006; Glick et al., 2007). Ethylene production is accelerated under stress conditions and 
stimulates flower senescence, leaf and petal abscission, and also premature ripening (Pierik 
et al., 2006). The effects of endogenous ethylene on plant growth and development are also 
affected by the hormone concentration and plant growth stage (Shaharoona et al., 2006b). 
 
PGPR that possess the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase are 
capable of degrading plant-produced ACC. ACC is an immediate precursor for plant stress-
induced ethylene production, thus by reducing ethylene levels, PGPR may protect host plants 
from the negative effects of ethylene and stimulate root growth (Glick, 2005; Tsavkelova et 
al., 2006a). 
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In 1998, Glick and colleagues proposed a model to clarify the growth promoting mechanisms 
caused by lowering plant ethylene levels (Fig 1.1). In this model, they postulated that IAA 
produced by PGPR, as a response to tryptophan contained in root exudates, may be taken up 
by the plant and enhance cell elongation and proliferation. Also, IAA produced by PGPR, 
together with endogenous IAA, converts S-adenosylmethionine (SAM) to ACC by activating 
ACC synthase. The stimulation of ACC synthase can also be enhanced by environmental 
stress, including physical stress such as floods, and biological stress such as plant pathogens 
(reviewed in Glick et al., 1999). The conversion of ACC to ethylene is catalysed by ACC 
oxidase. Nevertheless, some ACC might be secreted in root exudates and be taken up by ACC 
deaminase-containing PGPR and used as a nitrogen source. These bacteria then cleave the 
cyclopropane ring of the plant ACC to ammonia and α-ketobutyrate, thus decreasing the level 
of ACC outside of the plant. In order to maintain equilibrium between internal and external 
ACC levels, the plant secretes more ACC, subsequently lowering the internal ACC 
concentration and thereby reducing the amount of ethylene produced (Fig. 1.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Some PGPR have been tested for their ability in promoting plant growth via production of 
ACC deaminase under stress conditions such as in the presence of cadmium, a toxic heavy 
Fig.1.1 Diagram of proposed PGPR mechanism to reduce plant ethylene levels (Glick et al., 1998). PGPR 
that possess ACC deaminase bound on plant or root surfaces synthesize IAA and together with plant 
endogenous IAA, stimulate cell growth. Synthesized IAA can also induce ACC synthase to convert SAM 
to ACC that will be metabolized to ethylene by ACC oxidase. Some of the formed ACC might be released 
from the plant and taken up by the PGPR. Hydrolysis of ACC by the PGPR lowers the level of outside 
ACC. The PGPR cause the plant to produce and exude more ACC thus subsequently reducing ACC levels 
inside the plant and then reduce ethylene formation. IAA : Indole-3-acetic acid; ACC: 1-
aminocyclopropane-1-carboxylate; SAM: S-adenosylmethionine. 
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metal, (Safronova et al., 2006), inhibitory levels of environmental salinity (Mayak et al., 
2004a; Cheng et al., 2007) and drought (Mayak et al., 2004b). The results showed that 
inoculation of PGPR possesing ACC deaminase was able to improve plant growth and stress 
tolerance. Co-inoculation of mung beans with Bradyrhizobium and PGPR with ACC deaminase 
activity enhanced plant growth and nodule production compared to mung beans inoculated 
with Bradyrhizobium only (Shaharoona et al., 2006a). 
 
1.4.2 Biocontrol 
The use of living organisms to limit the growth of pathogenic agents, thus reducing disease 
damage, is called biocontrol (Chinnasamy, 2006; Siddiqui, 2006). The application of PGPR as a 
biocontrol agent could be a more environmentally friendly alternative for supporting plant 
health as controlling plant pathogens using chemical agents is costly and destructive to the 
non target environment and, in the long term, may potentially induce pathogen resistance. 
PGPR may act against pests, weeds or pathogenic microorganisms through antagonistic 
activities resulting from one or more specific actions such as competition for limited nutrients 
and niches on the root site, deleterious metabolite excretion or excretion of pathogen cell 
wall degrading enzymes (Barea et al., 2005). The antagonistic mechanisms mainly involve 
competition between PGPR and pathogens in the root environment (van Loon and Bakker, 
2003).  
 
1.4.2.1 Competition for nutrients and niches 
Antagonism towards plant pathogens leads to their displacement and a subsequent 
stimulation of host plant growth (Whipps, 2001). Pliego et al.(2008) compared two efficient 
avocado root colonizing Pseudomonas strains in suppressing the fungal agent of white root 
rot disease growth. The results showed that the two green fluorescent protein (GFP)-tagged 
Pseudomonas colonized different root sites when observed using confocal laser scanning 
microscopy. P. pseudoalcaligenes AVO110 was found abundantly in the intercellular space 
between epidermal root tip cells and root wounds while P. alcaligenes AVO73 inhabited root 
surface dispersedly and the proximity of lateral root tips. Suppression of fungal growth varied 
depending on the site colonised. P. pseudoalcaligenes AVO110 occupying the space between 
epidermal cells and root wounds was more likely to encounter the fungal hyphae because 
those particular sites are the preferential fungal penetration sites. In addition, the 
intercellular space is a nutrient rich site, attracting both PGPR and pathogens (Spaepen et al., 
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2009). From this study, Pliego et al. (2008) suggested that besides colonization ability, the 
root site occupied also contributes to effective pathogen biocontrol mechanisms. Studies on 
tomato roots observing competition between microorganisms using confocal laser scanning 
microscopy was conducted by Bolwerk et al. (2003). In this study, GFP-labelled PGPR (P. 
fluorescens WCS365) aggressively invaded the hyphae of GFP-labelled tomato foot and root 
rot (TFRR) pathogen, Fusarium oxysporum (forl), after competing for root exudates at the 
same site on the root which may decrease percentage of infected tomato plants. 
 
Limited nutrients from plant root exudates or soil minerals, such as iron and phosphate, are 
some of the growth limiting factors for soil microorganisms (Kamilova et al., 2005). A well 
studied biocontrol mechanism using competition for limited nutrients is competition for iron, 
which occurs more intensively in the rhizosphere than in bulk soil (Elmerich and Newton, 
2007). Despite its abundance in the soil, iron is mainly present as Fe3+ oxides which have low 
solubility (Spaepen et al., 2009). PGPR synthesize chelating mediators, such as high affinity 
siderophores, to bind and uptake the iron molecules. After siderophore-Fe3+ complexes are 
formed and bound to specific cell membrane receptors at the bacterial surface, the iron will 
be available as Fe2+ in the cytoplasm for bacterial metabolism (Couillerot et al., 2009; 
Lugtenberg and Kamilova, 2009). Insufficient or low affinity of plant pathogen produced-
siderophores are incapable of competing with siderophores produced by PGPR on binding 
iron thus resulting in inadequate iron for pathogen growth (Dobbelaere et al., 2003). 
Pseudomonas putida WCS358 produces pyoverdines or pseudobactin, a yellow/green 
fluorescent iron-bound siderophore as a mechanism to control wilt disease caused by 
Fusarium oxysporum in radish (Devescovi et al., 2001; de Boer et al., 2003). In addition, 
Devescovi et al. (2001) found that the pseudobactin-impaired mutant demonstrated less 
ability to suppress pathogens confirming siderophore involvement in the biocontrol 
mechanism.  
 
1.4.2.2 Antibiosis 
PGPR biocontrol mechanisms also involve antibiotic and inhibitory metabolite production. 
Examples of well-characterized exuded metabolites include hydrogen cyanide (HCN), 
phenazines and 2,4-diacetylphloroglucinol (DAPG) (Raaijmakers et al., 2002; Haas and 
Defago, 2005; Spaepen et al., 2009). In their review of antibiotic production in Pseudomonas 
spp., Haas and Keel (2003)defined antibiotics as exuded metabolites by specific 
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microorganisms which, at a certain concentration, have inhibitory or deleterious effects on 
other microorganisms . In a study to evaluate the antagonistic effect of three Pseudomonas 
strains on plant pathogens of chickpea, Akhtar and Siddiqui (2009) reported that secondary 
metabolites produced by the bacterial strains tested, especially P. putida, reduced the 
severity of damage by the pathogens. Hydrogen cyanide and antifungal metabolites 
produced by P. putida accounted for up to 59% of inhibition against hatching of the root-knot 
nematode Meloidogyne incognita and reduced fungal (Macrophomina phaseolina) root 
colonization by 64% in vitro. Subsequently the inoculated chickpeas had a better growth 
compared to uninoculated plants. In a similar study in coffee, Pseudomonas spp. and Bacillus 
spp. could potentially perform as biological control agents against coffee wilt disease caused 
by Fusarium spp. HCN and the production of antifungal lytic enzymes, including lipase and β-
1,3 glucanase were considered as the major biocontrol mechanisms (Muleta et al., 2007). The 
toxicity of HCN to plant roots also allowed some host specific HCN-producing PGPR to be 
used as weed biocontrol agents as the host plants were likely to be cyanide-tolerant when 
inoculated at the seedling stage (Zeller et al., 2007). 
 
In order to achieve effective plant protection from pathogens via biocontrol, PGPR not only 
have to inhabit the correct roots site, they also have to be present in sufficient number (Haas 
et al., 2000). Biocontrol of take-all disease of wheat in suppressive soils is one case that is 
related to the bacterial threshold density in suppressing soil-borne pathogens effectively. 
Suppressive soils have been described as soils, where despite containing soil-borne 
pathogens, the level of plant disease is low on crop roots due to the occurrence of indigenous 
soil bacteria (Haas et al., 2000; Mazzola, 2002; Weller et al., 2002). In 1998, Raaijmakers and 
Weller found DAPG-producing fluorescent Pseudomonas from wheat roots grown in 
suppressive soils in Quincy, Washington at sufficient numbers to provide significant disease 
suppression. Further to this, the study demonstrated that the soil lost its suppressive 
properties after wet pasteurisation at 60°C for 30 min, confirming the role of the PGPR and 
antibiotic production in controlling disease. A high number of fluorescent Pseudomonas spp., 
which exuded HCN and DAPG, were also present in the rhizosphere of tobacco grown in soils 
suppressive to black root rot caused by Thielaviopsis basicola in Morens, Switzerland 
(Ramette et al., 2006). However, the authors suggested that the Morens soil suppressiveness 
may involve other unidentified soil microbial populations or environmental factors than only 
Pseudomonas or antibiotics produced, as they isolated antibiotic producing-Pseudomonas at 
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similar abundance and diversity at the molecular level from a nearby conducive soil (the 
opposite of suppressive soil). 
 
1.4.2.3 Parasitism 
Another biocontrol mechanism is related to the synthesis of cell wall-degrading enzymes, 
mostly mycolytic enzymes, which lyse fungal cell walls. These enzymes include glucanases, 
proteases and chitinase and this mechanism is known as parasitism. For example, Fridlender 
et al. (1993) isolated a P. cepacia strain that produced β-glucanase that was able to damage 
hyphae of Rhizoctonia solani, Sclerotium rolfsii and Phytium ultimum and reduced the 
severity of disease caused by the fungal pathogens by up to 85% in greenhouse trials. 
Enterobacter agglomerans and Bacillus spp. also possess cell wall-degrading enzymes that are 
active against the fungal agent that causes rot root cotton disease, whereas another strain of 
Bacillus demonstrated parasitism towards Curvularia lunata, one of the main sorghum 
pathogens (Chernin et al., 1995; Pleban et al., 1997; Basha and Ulaganathan, 2002). A more 
recent study to explain the mechanism used by P. fluorescens to decrease the incidence of 
rot root disease in black pepper detected mycolytic enzyme excretion by PGPR which 
resulted in cytoplasmic coagulation in the mycelia of Phytophthora capsici when the 
microorganisms were cultured together (Diby et al., 2005). 
 
1.4.2.4 Changing the plant susceptibility via induced systemic resistance (ISR) 
Induced systemic resistance (ISR) is a plant-mediated defence system against a broad range 
of pathogens that may be induced by PGPR. The PGPR activate the system via chemical 
signals through pathways separate from systemic acquired resistance (Crecchio et al.) which 
is induced by pathogen infection of the plant (Pieterse et al., 2003; Loon and Bakker, 2006a). 
Pseudomonas fluorescens and Bacillus sp. are examples of widely studied strains that activate 
ISR in suppressing plant diseases (Kloepper et al., 2004; Bakker et al., 2007).  
 
An ISR study in cucumber (Wei, 1991) used PGPR as a seed treatment to challenge 
Colletotrichum orbiculare, a causal agent of foliar anthracnose disease. In this study, the 
PGPR were used to inoculate seeds of a cucumber strain highly prone to anthracnose. After 
21 days, the seedlings were inoculated with a conidial suspension of C. orbiculare on the 
second true leaf, and it was found that the inoculated plants had less severe damage 
compared to untreated plants in terms of number and diameter of lesions. As there was not 
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any contact between the PGPR and the pathogen (because they were both localised in 
different parts of the plant), it enabled the conclusion to be made that the resistance is 
triggered by ISR instead of antagonistic mechanisms. Loon and Bakker (2006b) suggested that 
the PGPR may trigger plant roots to activate certain defence signals against pathogenic 
infections that systematically spread to aboveground tissue. The authors also proposed a 
priming mechanism pathway of PGPR ISR which involves increased jasmonic acid and 
ethylene sensitivities to activate defensive action against subsequent pathogenic attacks. 
 
1.4.3 Biotic elicitors 
Elicitors are chemicals compound that induce physiological and morphological changes and 
activate biosynthesis of secondary metabolites such as phytoalexin in plants from various 
sources (Bhattacharyya and Jha, 2012). Abiotic elicitors may include metal ions and inorganic 
compound while biotic elicitors are derived from herbivores, plant pathogens, plant-
associated microorganisms and plant cell wall components that released by plants as defence 
responses of plants to herbivore or phytopatogens (Sekar and Kandavel, 2010). Oral 
secretions of herbivorous insects and microbial cells constituents such as carbohydrate and 
polysaccharide fractions have been known to trigger secondary products in plant cells (Paré 
et al., 2005; Zhao et al., 2010).  
 
The application of rhizosphere microbial that acts as biotic elicitors on medicinal plants 
potentially improve the effectiveness of cultivated medicinal plants because the elicitation 
activate gene expression responsible for medicinal secondary metabolites synthesis of the 
plants (Sekar and Kandavel, 2010). Catharanthus roseus (L) G Don seedlings exposed to 
Pseudomonas fluorescens elicitors not only increased the plant biomass but also enhanced 
anti hypertensive alkaloid ajmalicine and serpentine content of roots (Jaleel et al., 2007; 
Jaleel et al., 2009). More recent study found that black henbane (Hyoscyamus niger) 
seedlings inoculated with of P. putida and P. fluorescens besides increased the plant dry 
weight and medicinal alkaloid content, hyoscyamine and scopolamine, also protected the 
plant from negative effects of drought stress (Ghorbanpour et al., 2010). Another study 
indicated constituents of PGPR can act as effective elicitors as well as the PGPR cell culture. 
Zhao et al. (2010) extracted polysaccharides-protein (PSP) complex from Bacillus cereus cells 
to investigate the effects of PGPR and its constituents on the root growth and tanshinone, a 
secondary metabolite that has been widely used for cardiovascular disorders, accumulation 
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in roots of Chinese medicinal plant. The study showed that the isolated PSP compound 
demonstrated significant stimulation of hairy root growth and tanshinone production. 
However, the role and mechanism of PSP complex in promoting hairy root growth is 
remaining unclear.  
 
1.4.4 Studies of PGPR in ornamental plants 
The application and mechanism of PGPR has been widely studied in agricultural crops, but 
there is little information on their effects in ornamental production systems. Even though 
some research has been conducted on ornamental seedlings using various strains of PGPR, 
generally the results have been inconsistent. This may be due to different growing media, 
environment conditions, sampling time, number of cells used for inoculation and different 
mechanisms possessed by each PGPR strain. The ornamental research in this review is 
focused on PGPR effects on field and greenhouse trials. In vitro or tissue culture experiments 
are not included because of differences in growth media and conditions. In vitro experiments 
involve controlled growth conditions that may affect plant growth as a result of high 
humidity, low light and poor gas exchange, and may result in changes to the structure and 
physiology of the plant compared to soil or potting mix-grown plants (Rout et al., 2006). 
Some studies on PGPR effects in ornamentals are summarized in Table 1.1. PGPR have been 
applied in a single inoculation or dual inoculation with mycorrhiza (Flores et al., 2007), 
cyanobacteria (Shanan and Higazy, 2009), in combination with organic fertilizers (Seema et 
al., 2006), in combination with graded levels of chemical N (Gadagi et al., 2002; Gadagi et al., 
2004; Singh et al., 2008; Eid et al., 2009) or without any additional treatments (Gore and 
Altin, 2006; Srivastava and Govil, 2007). Generally, when inoculants were combined with 
increasing rates of N, the results indicated that reduced N rates achieved similar outcomes to 
100% N without PGPR inoculation. Responses of ornamental plants to PGPR inoculation 
include increases in plant height, number of branches, number of leaves, leaf area, shoot and 
root weight, better root structure, number of flowers, improved nutrient uptake, accelerated 
flowering, and marketable flower quality characteristics.  
 
The propagation method should be taken into consideration when producing high quality 
ornamental plants. Propagation from seed risks the possibility of genetic alterations which 
would affect the phenotype or the visual appearances of the plant. Therefore, many growers 
prefer vegetative propagation methods such as cuttings as maintaining the aesthetic value is 
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an economically important aspect of ornamental production. Despite cuttings being one of 
the most common ornamental propagation techniques, there has been little research on the 
use of PGPR in ornamental cuttings (Li et al., 2005).  
  
2
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Table 1.1 Overview of PGPR tested in ornamental plants. The PGPRs were applied in singly or in combination with additional treatments using various inoculation 
methods and growth conditions. 
PGPR Plant and  
propagation 
technique  
Inoculation 
method 
Growth 
Conditions 
Additional treatments Plant response to PGPR inoculation Reference 
Azospirillum spp. Chrysanthemum  
(40 day old 
seedlings) 
Nil Field Graded levels of RDN Azospirillum combined with 75% RDN 
plants produced higher flowers yield 
than 100% RDN amended plants 
Gadagi et 
al., 2002 
Azospirillum spp.  Blanket flower  
(40 day old 
seedlings) 
Seedling dip  for 
1 hour (using 
aqueous slurry 
lignite-based 
inoculums) 
Field Different rates of N fertilizer 
(112 and 150 kg/ha) 
 Azospirillum strain OAD-2+150 N kg/ha 
showed highest height, number of 
leaves, number of branches and dry 
matter 
 Stimulated earlier flower emergence 
Gadagi et 
al., 2004 
  A. brasilense Cd1843 
 A. brasilense Cd1843/pRKLACC 
  (containing ACC-deaminase gene) 
Carnation (cuttings) Immersion in the 
bacterial 
solution, for 24 
hours 
Greenhouse 0.1% Indole butyric acid (IBA) Inoculation with A. brasilense Cd184 
/pRKLACC: 
  Induced larger number of adventitious 
roots  
  Produced the longest roots  
  Potentially saved commercial 
production time 
Li et al., 
2005 
A. brasilense 
 
Celosia (seed) Direct 
inoculation with 
liquid inoculum 
Greenhouse Separate and combinations of: 
  different rates of N fertilizer 
(75 and 100%) 
  FYM 
Inoculated plants + 75%N+FYM 
increased plant height, shoot and root 
fresh and dry weight, and number of 
inflorescence 
Eid et al., 
2006 
P. fluorescence strain 51 Pelargonium, 
Chryasanthemum, 
and Dahlia (3 week 
old seedlings) 
Drenching  Greenhouse Nil   Increased leaf surface, number of 
flower in Pelargonium 
 Increased plant height and number of 
flowers in Chrysanthemum 
  Decreased number of days required 
for flowering in Chrysanthemum 
  Increased root length, number of 
flowers, fresh and dry weight  and also 
accelerated flowering emergence  in 
Dahlia 
Gore and 
Altin, 
2006  
 
  
2
5 
PGPR Plant and 
propagation 
technique 
Inoculation 
method 
Condition Additional treatments Plant responses to PGPR inoculation Source 
 Azospirillum spp. 
  Phosphate solubilising bacteria 
(PSB) 
Marigold 
(30 day old 
seedlings) 
Carrier-based 
inoculums 
Field Separate or combinations of 
  poultry manure  
 vermicompost 
 75% RDN 
 75% RDP P 
Combination of vermicompost, poultry 
manure, Azospirillum and 75% RDN 
resulted in the best plant growth 
parameters, highest N and P uptake, and 
flower yield. This treatment also gained 
the maximum profit:cost ratio 
Shubha, 
2006 
 Azotobacterchroococcum 
  PSB 
Gladiolus cv. 
American beauty 
(corm) 
Corm dip for 30 
minutes in the 
bacterial 
solution, 
respectively 
Field Nil  Azotobacter inoculation increased 
plant height, number of leaves and 
number of spikes  
 PSB treatment showed better quality 
spike product 
 Azotobacter treatment hastened 
wilting of basal floret  
Srivastava 
and Govil, 
2007 
 
 
Bacillus subtilis Marigold (seed) Direct 
inoculation with 
the bacterial 
suspensions 
Greenhouse With or without Glomus 
facsiculatum (VAM) 
 
 Bacillus treatment showed higher total 
inflorescence production, flower fresh 
weight, accelerated flower maturity 
 Single inoculation of Bacillus or dual 
inoculated plants increased flower 
quality in terms of yellow colour 
properties 
 
Flores et 
al., 2007 
Mixture of Azospirillum, 
Pseudomonas striata and 
Pseudomonas fluorescens 
Jasmine  
(three year old 
plantation) 
Lignite based-
culture 
Field  Combined with fungus 
Trichoderma viridae. 
 50, 75 and 100% RDF of NPK 
  FYM (9 t/ha) 
 
 Inoculated jasmine had better growth 
compared to NPK only treatment  
 50% RDF of NPK + inoculation was as 
effective as 100% NPK in improving 
flower quality characteristics and 
chlorophyll content 
Jayamma, 
N., 2008 
 Azotobacter 
 PSB 
 
Calendula 
(seedlings) 
Seedling dip for 
15 minutes (5% 
sugar slurry-
based inoculums) 
Field   With or without PSB 
 FYM 
  Graded dose of N fertilizer (25, 
50, 75 and 100%)  
Azotobacter+PSB+75%N inoculated 
plants showed best plant height, 
diameter of main stem, number of 
leaves, number of branches and flower 
yield 
 
Singh et 
al., 2008 
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PGPR Plant and 
propagation 
technique 
Inoculation 
method 
Condition Additional treatments Plant responses to PGPR inoculation Source 
 Azotobacter chroococcum 
 Bacillus megaterium 
Stock (seed)  A. chroococcum: 
Seed pre-sowing 
covering agent 
 B. Megaterium: 
Growth medium 
inoculant 
Greenhouse   Ammonium nitrate  
(2 or 4 g/pot) 
 Calcium superphospate 
  Adenosine triphosphate (ATP) 
  Dual inoculation improved plant 
nutrient uptake (except N) among all 
treatments 
 ATP treated plants showed the best 
growth characteristics and highest 
total unsaturated fatty acid 
Eid et al., 
2009 
Mixture of N fixing bacteria: 
Azotobacter chroococcum, 
Azospirillum brasilense 
and Rhizobium sp 
Stock (3 week old 
seedlings ) 
Direct 
inoculation to 
growth medium 
with bacterial 
suspensions 
Pot 
experiments 
  Commercial mineral fertilizer 
 Cyanobacterial filtrate 
  Full rate of NH4NO3 
Bacterial inoculation in combination 
with cyanobacterial culture increased 
plant height, number of leaves, leaf area 
and flower quality (florets number and  
diameter, fresh and dry weights of 
inflorescences) 
Shanan 
and 
Higazy, 
2009 
RDN: recommended dose N, RDF: recommended dose fertilizer, RDP: recommended dose P, FYM: Farm yard manure 
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1.5 Aims of the project 
The overall aim is to evaluate the effectiveness of PGPR on the growth and development of 
ornamental plants of high value to the nursery industry and determine if PGPR can substitute 
synthetic root growth hormone applied to ornamental plants thereby reducing input costs.  
 
The specific aims of the project are to: 
1. Determine the most effective way of growing ornamental plants to observe a PGP effect. 
2. Determine the most effective ornamental plant host-PGPR interaction by screening a 
range of organisms and plants. 
3. Measure changes in plant growth and development and nutrient composition after 
application of PGPR. 
4. Investigate the most effective inoculation formulation to promote plant growth.  
 
1.5.1 Hypotheses 
1. PGP effects on ornamental plants will be dependent on specific plant-microbe 
interactions. 
2. Where PGP effects are observed, PGPR will increase root development and nutrient use 
efficiency. 
 
1.6 Project overview 
The overall aim of this project was to evaluate the effectiveness of PGPR on growth and 
development of ornamental plants. The outcomes are presented in this thesis in three parts as 
described below. 
 
Part one describes the development of methods used to observe PGP effects of ornamental 
plant growth. A preliminary study was carried out using pansy seedlings grown in potting mix 
which were inoculated with PGPR after transfer to sterile sand. PGP effects were not observed 
in this system. PGPR selection was refined theoretically by reviewing the literature and 
experimentally by evaluating the ability of potential strains to produce IAA in a liquid growth 
medium. The highest IAA producer, Azospirillum brasilense Sp245, was chosen as the PGPR 
inoculant for further studies. The plant selection to determine the most responsive ornamental 
plant was done by immersing cuttings in solutions prepared from bacterial cultures and 
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observing root development. Cuttings were transferred to defined growth media to reduce the 
complexity of root system and minimise the risk of competition from other organisms present in 
potting mix. Lavender (L. stoechas) was the most responsive plant in this system. Further studies 
were carried out using A. brasilense Sp245 and L. stoechas as a model system. 
 
In part two, improved root development in cuttings after immersion with different solutions was 
evaluated. Increased N use efficiency of propagated cuttings was also investigated. Root growth 
responses of cuttings were plotted to analyse the relationship between bacterial number, IAA 
production (in the absence or presence of tryptophan), and root growth parameters. This 
information was generated to obtain a better understanding of the PGPR-mediated mechanisms 
responsible for improved root development of cuttings. 
 
In part three, different commercially available inoculant forms were evaluated for their 
potential to stimulate IAA production by PGPR and subsequent adventitious root formation in 
cuttings.  
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CHAPTER 2 SCREENING OF THE MOST EFFECTIVE PGPR-ORNAMENTAL 
PLANT INTERACTIONS 
 
 
2.1 Introduction 
The success of PGPR inoculation depends on many factors including specificity of the PGPR-host 
plant interaction (Nelson, 2004). A PGPR strain effective on one plant may not necessarily 
promote growth of another plant although there is likely to be a broad range of PGPR-plant 
specificities. Therefore, selection of an effective combination of PGPR and a responsive host 
plant is essential so that the PGPR inoculation provides the most beneficial effects on plant 
growth. 
 
In selecting bacteria capable of a specific PGP mechanism, screening at the strain level within a 
bacterial species is important as a small difference in genotype may affect the PGP properties 
(Kloepper, 1996). As it is possible that a single strain is capable of PGP by several different 
modes of action (Vessey, 2003; López-Bucio et al., 2007), the selection should occur in 
conditions relevant to the growth promoting effects being sought. For example, in order to 
improve plant growth in an N2-deficient environment, N2-fixing PGPR inoculants may be applied 
to facilitate N2-fixation, whereas if the purpose is to protect the host plant against fungal 
pathogen, a PGPR involved in controlling disease through ISR or the production of antifungal 
compounds may be applied.  
 
The aims of the research presented in this chapter were to:  
1. Develop a method to measure the effect of PGPR on ornamental plant growth. 
2. Use the method to select bacterial strains capable of promoting growth of ornamental 
plants. 
3. Determine the most responsive host plant. 
 
The experiments were designed according to the following approaches: 
 Selection of PGPR strains was done initially after reviewing the published literature and 
later experimentally, by measuring the rate of indole acetic acid (IAA) production. 
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 Selected strains were then evaluated for their effect on the growth of ornamental 
plants. 
 The most responsive ornamental plant was selected by measuring growth parameters 
after inoculation with selected PGPR. 
 
2.2 Materials and methods 
The experiments described in this chapter include a preliminary study applying PGPR to pansy 
seedlings, screening of a range of PGPR for IAA production and determining the most responsive 
ornamental plant by inoculating plant cuttings with PGPR selected for high production of IAA.  
 
2.2.1 Preliminary study of pansy seedling response to inoculation with PGPR 
In the preliminary study, pansy seedlings were inoculated with inoculum prepared as described 
below. Pansy seedlings were obtained from Anthony Kachenko at Oasis Horticulture Pty Ltd. 
They were 14 weeks old and grown from seed in commercial potting mix. The seedlings were 
inoculated after transferring to pots containing sand. Plants were harvested and plant growth 
parameters were measured overtime. 
 
2.2.1.1 Inoculum preparation and plant material 
A. brasilense Sp7 was obtained from the SUNFix culture collection (Sydney University Centre for 
Nitrogen Fixation, Faculty of Agriculture, Food and Natural Resources). The selected strain fixes 
nitrogen in association with wheat roots and has been studied extensively. A. brasilense Sp7 was 
grown on nutrient agar (NA, Appendix A) and bacterial inoculant was prepared by suspending 
bacterial colonies in sterile water. The bacterial number was determined at the time of 
inoculation using viable plate counting. The bacterial suspension was serially diluted using 
sterilized distilled water. Aliquots (100 µL) of 10-5-10-7dilutions were spread on NA and 
incubated at 32°C until colonies were visible at which point they were counted.  
 
2.2.1.2 Growth media preparation 
Approximately 300 g of a mixture of fine and coarse sand was used to fill 125 mm diameter 
plastic pots that had been washed with 4% sodium hypochlorite and rinsed with water. A sheet 
of paper towel was placed on the bottom of each pot before being filled with the sand. The sand 
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was then moistened with 100 mL of water before a single seedling was transferred to each pot. 
A small container was placed under each pot to collect excess water.  
 
2.2.1.3 Inoculation and cultural practices 
Each of the seedlings was inoculated by pipetting 1 mL of A. brasilense Sp.7 liquid inoculant into 
the sand at the base of the shoot then carefully covering with sand. Uninoculated pansies 
served as a control. All plants were watered daily and fertilised with 25 mL of quarter strength 
Hoagland’s solution (Hershey, 1994, Appendix A) once a week. The pots were arranged in a 
randomized complete block design (RCBD) under a light bank, with 20 replicates per treatment.  
 
2.2.1.4 Plant growth measurements 
Sampling was carried out fortnightly by harvesting four plants from each treatment (total= 8) for 
measurement and analysis. Shoot height, chlorophyll content and photosynthetic rate were 
measured before the plant was uprooted from the sand. 
 
2.2.1.4.1 Shoot height 
The shoot height was measured from the cotyledonae node to the last node on the main stem 
of plants at each sampling time and expressed in cm.  
 
2.2.1.4.2 Chlorophyll content 
At 56 and 70 days after inoculation (DAI), a non-destructive method using a portable leaf 
greenness meter (SPAD-502Plus, Konica Minolta) was applied to determine chlorophyll content. 
For each treatment, five leaves were chosen randomly from different positions of each 
replicate. Four readings were averaged for each leaf to represent one observation. The 
measurement was recorded at each sampling time. 
 
2.2.1.4.3 Photosynthetic rate 
The photosynthetic rate was determined using a portable pulse amplitude fluorometer (PAM). 
Before measurement, the plants were stored in the dark for 20 minutes to stop any 
photosynthesis (Bulgarea and Boukadoum, 2001). Four leaves were chosen randomly from 
different positions on each replicate. For each leaf, readings were taken from five locations, and 
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then averaged to represent one observation. The photosynthetic rate was recorded at each 
sampling time. 
 
2.2.1.4.4 Shoot and root fresh weight 
Plants were removed from the pots and carefully shaken to remove excess soil from around the 
root system. The plant was then thoroughly washed under running tap water to remove 
attached soil and analysed for shoot and root characteristics. 
 
Shoots and roots (free of sand) were separated and immediately weighed to obtain fresh 
weight. The shoots were then dried at 60-70°C and weighed to obtain shoot dry weight. Fresh 
root systems were transferred to tubes containing 50% ethanol and stored at 4°C for root length 
measurement. 
 
2.2.1.4.5 Root length measurement 
Stored fresh roots were washed free from ethanol and floated in deionised water in a clear 
perspex tray and scanned using a flatbed scanner at 600 dots per inch (dpi). Root analysis was 
performed using image analysis software WinRhizo Pro (Regent Instruments, Quebec City, 
Canada; Arsenault et al., 1995). The root mass was separated into parts, scanned separately in 
order to get a more accurate measurement and the data were combined as one observation per 
plant. The root length was measured in 0.04 mm diameter classes. The root mass was then dried 
overnight at 60-70°C and weighed to obtain root dry weight. 
 
2.2.2 Selection of potential PGPR strains 
The following experiment was carried out to screen bacterial strains for potential PGP 
characteristics by measuring IAA production in liquid growth medium. The IAA measurement 
was done each day for three days using colorimetric analysis. The experiment also assessed 
effects of IAA precursor, tryptophan, on IAA production and bacterial cell number during the 
three day incubation.  
 
2.2.2.1 PGPR strains 
PGPR strains were selected on the basis of their demonstrated ability to promote plant growth 
or to possess potential plant-growth promoting traits. Citrobacter freundii 3C and Pseudomonas 
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fluorescens 1N have been reported to stimulate early root growth significantly in rice seedlings 
when applied as a biofertilizer with phosphate solubilizing bacteria, while Azospirillum spp.are 
known for their ability to produce phytohormones such as IAA (Katupitiya et al., 1995; 
Dobbelaere et al., 1999; Nguyen et al., 2003). PGPR strains were obtained from the SUNFix 
culture collection (Sydney University Centre for Nitrogen Fixation, Faculty of Agriculture, Food 
and Natural Resources). 
 
Table 2.1 PGPR strains used in the study 
PGPR isolates Abbreviations used in this thesis Reference 
Citrobacter freundii 3C 3C (Nguyen et al., 2003) 
Pseudomonas fluorescens 1N 1N (Nguyen et al., 2003) 
Azospirillum brasilense Sp7 Sp7 (Katupitiya et al., 1995) 
Azospirillum brasilense Sp7-S Sp7-S (Katupitiya et al., 1995) 
Azospirillum brasilense Sp245 Sp245 (Dobbelaere et al., 1999) 
 
 
2.2.2.2 Preparation of PGPR strains 
2.2.2.2.1 Storage of PGPR strains 
Fresh cultures of isolates of all the PGPR listed in Table 2.1 were frozen in glycerol broth 
(Appendix A) and stored at -80°C until required. 
 
2.2.2.2.2 Subculture of stock cultures 
Stock cultures stored at -80°C were revived by streaking on to NA and incubated at 28°C until 
colonies appeared (approximately 72 hours). In order to increase cell mass, the colonies were 
then re-streaked on fresh NA and incubated at 28°C for 72 hours. The plates were then stored at 
4°C. When required, cultures were grown in liquid nutrient broth (NB, Appendix A) with shaking 
on an orbital shaker (B braun, Certomat R, UK) at 125 rpm for 72 hours. 
 
2.2.2.3 Identification of PGPR strains 
Preliminary identification of PGPR was done by observing their growth characteristics on 
selective and/or differential media and then by molecular analysis (16S rDNA sequence 
analysis). This identification was intended to confirm the identity and typical function of the 
PGPR stock cultures. 
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2.2.2.3.1 Identification of PGPR strains using growth characteristics 
Strains were grown in different media to check for typical reactions and confirm that they had 
not lost function during long term storage. Colonies of each strain were suspended in 1 mL of 
0.85% sterile saline solution and mixed using a vortex mixer. An aliquot of 100 µL of each 
suspension was used to inoculate several selective media and incubated at 28°C. 
 
Fermentation of L-sorbose in phenol red fermentation medium (Appendix A) was used to 
confirm typical physiology of 3C. Carbohydrate fermentation was indicated by a colour change 
in the media from red to yellow due to acid production by fermentation of the carbohydrate 
(Deaker et al., 2008). King’s B growth medium (KB, Appendix A) was used for the preliminary 
identification of1N by observing fluorescence under ultra violet (Pérez-Piqueres et al.) light. 
 
The presence of N2-fixing bacteria, such as Azospirillum were detected by growing the bacteria 
in nitrogen-free bromothymol blue supplemented with malate (Nfb, Baldani and Döbereiner, 
1980, Appendix A).These bacteria are capable of utilising atmospheric N2 to support their 
growth to meet their N requirements. Formation of a rising white pellicle in semi-solid media is 
typical growth of Azospirillum sp. (Xie et al., 2003; Soares et al., 2006; Jolly et al., 2010). 
 
2.2.2.3.2 Molecular confirmation of PGPR strains 
The identity of strains was confirmed by comparing the sequence of the 16S rRNA gene to the 
other genes listed in the GenBank database. Colonies of each isolate were suspended in 50 µL of 
sterile water and vortexed. The homogenized suspensions were then extracted by heating for 5 
minutes at 95°C followed by centrifugation at 13,000 g for 5 minutes. The resulting supernatant 
was transferred to a new microcentrifuge tube and 16S rDNA was amplified by polymerase 
chain reaction (PCR). Three replicate extractions were carried out for each strain. 
 
PCR was carried out with Mango Taq DNA polymerase (Bioline) and performed in a S1000 
thermal cycler (Bio-Rad). An aliquot of supernatant containing DNA template (1 µL) was added 
to 24 µL Mango Taq mastermix (Appendix B). Sterile water instead of DNA template served as a 
negative control. Cycling conditions used were initial denaturation at 95°C for 3 minutes; 35 
cycles of denaturation at 95°C for 30 seconds, annealing at 60°C for 30 seconds and extension at 
72°C for 45 seconds; then final extension at 72°C for 5 minutes.  
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In order to confirm the accuracy of DNA extraction and PCR conditions used, PCR products 
including the negative control were electrophoresed in a Bio-Rad sub-cell GT electrophoresis 
tank containing 1x TAE buffer using a 1% agarose gel at 100 V for 30 minutes.  
 
PCR products from three replicates of each strain were pooled and purified using isolate PCR 
and gel kit (Bioline). The purified DNA fragments were sent to the Australian Genome Research 
Facility (AGRF) to be sequenced and the resulting sequence was compared with homologues in 
the Gene Bank database using BLASTn 2.2.26+ software (Zhang et al., 2000). 
 
2.2.2.4 PGPR quantification 
The number of PGPR cells per mL of liquid medium was calculated using viable plate counting. 
The culture was first serially diluted by transferring 100 µL of liquid bacterial culture to 900 µL of 
sterilized 0.85% saline solution and repeating until a dilution of 10-7was reached. Finally, 100 µL 
of dilutions 10-5 to 10-7 were spread onto the surface of NA using a sterilized glass spreader. 
Plates were incubated at 28°C for 72 hours and resulting colonies were counted.  
 
2.2.2.5 IAA production of PGPR strains in liquid culture 
A colorimetric analysis based on the method of Gordon and Weber (1951) was used to measure 
bacterial IAA production. Starter cultures were prepared by inoculating 2 mL of Dworkin & 
Foster (DF) minimal medium (DF, Dworkin and Foster, 1958, Appendix A) with bacterial colonies 
and homogenising the suspension using a vortex mixer. The starter cultures (200 µL) were then 
dispersed in 10 mL of fresh DF minimal medium supplemented with filter sterilized (0.22 µm) L-
tryptophan (Sigma-Aldrich) to a final concentration of 0.1%. Minimal medium without L-
tryptophan was used as a control. The cultures were incubated for 3 days at 28°C on a shaker at 
125 rpm. The amount of IAA produced was assayed daily for 3 days as described below.  
 
The cultures were centrifuged at 15,000 g for 10 minutes and 2 mL of bacterial supernatant 
were transferred into test tubes followed by 4 mL of Salkowski reagent (Appendix A). The 
mixture was then vortexed immediately and incubated in the dark for 45 minutes at room 
temperature and absorbance was recorded at 525 nm. The presence of IAA was shown by the 
development of a pink colour (Figure 2.1). Absorbance values were then converted to IAA 
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concentration using an IAA standard curve in the range of 0-20 µg/mL. Uninoculated medium 
with and without tryptophan were used to zero the spectrophotometer before sample reading. 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.3 Selection of the most responsive ornamental plant to A. brasilense 245 inoculation 
The aim of this experiment was to screen the most responsive ornamental plant to inoculation 
with the selected PGPR, A. brasilense Sp245. The plant selection was carried out using cuttings 
from a range of ornamental plants and performed in water medium to minimise contamination 
from other organisms. 
 
2.2.3.1 Plant material preparation 
Ornamental plants were purchased from local plant nurseries and are listed in Table 2.2.  
 
Table 2.2 List of ornamental plants 
Scientific name Commercial name 
Argyranthemum sp. Marguerite daisy 
Lavandula stoechas Lavender avonview 
Osteospermum sp. The African daisy 
 
Ornamental cuttings were prepared by selecting stems which were firm and approximately 4 cm 
in length. A third, to two thirds of the leaves at the lower part of the stem was removed and the 
cuttings were placed in water to maintain moisture while collecting more cuttings (Fig 2.2).  
Fig.2.1 Development of pink colour in supernatant of PGPR cultures indicating IAA production. 
Before incubation After incubation 
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Fig.2.3 Incubation of cuttings in water medium showing plastic covering to reduce cross-
contamination and evaporation. 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.3.2 Growth media preparation 
Water (25 mL) was added to 17 mm diameter test tubes which were covered with aluminium 
foil and autoclaved at 121°C for 15 minutes. To reduce cross-contamination, each treatment 
was placed in a separate rack and covered with plastic wrap that was supported by wooden 
sticks attached to each side of the rack (Fig. 2.3). The plastic cover was also intended to prevent 
evaporation during incubation. The racks were placed randomly in a growth chamber (NK 
System Biotron, Nippon Medical and Chemical Instrument, Tokyo, Japan) and the position of the 
racks was randomized each week. Temperature of the growth chamber was maintained at 23-
24°C. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.2 Ornamental cutting preparation showing removal of leaves from the lower stems. 
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2.2.3.3 Preparation of treatments 
The treatments applied to the plant cuttings were Sp245 culture grown with tryptophan and 
supernatant, synthetic IAA, heat killed Sp245 cells and sterile water as immersion solutions to 
stimulate adventitious root growth of the plant cuttings. All solutions were prepared under 
sterile conditions, except IAA.  
 
Sp245 colonies (described in section 2.2.2.2.2) were dispersed in DF minimal medium and mixed 
using a vortex mixer. The homogenized cell suspension was then aseptically dispensed in 1 mL 
aliquots to 50 mL of liquid DF minimal medium (with tryptophan 0.1% w/v) in a 250 mL conical 
flask. The cultures were then incubated at 28°C for three days with shaking (125 rpm). Once 
grown, the cultures were prepared accordingly before application to cuttings. Cuttings were 
treated with the live liquid cultures, supernatant after centrifugation to remove cells or heat 
killed cells.  
 
The supernatant of centrifuged Sp245 suspension was prepared by centrifuging a culture of 
Sp245 grown with tryptophan at 3,000g for 30 minutes. The supernatant was then collected and 
used as immersion solution to treat the cuttings. Heat-killed Sp245 cell culture and water served 
as negative controls. To prepare the heat-killed Sp245 cell suspension, Sp245 culture was 
dispensed (1.5 mL aliquots) in microcentrifuge tubes and then incubated in a water bath at 90°C 
for 1 hour (Kamnev et al., 2004). The suspensions were then kept at room temperature to cool 
prior to inoculation. 
 
Prior to inoculation, the IAA produced by Sp245 was measured (section 2.2.2.5). Analytical grade 
crystalline IAA (Sigma-Aldrich) was used as a positive control to compare the relative 
effectiveness of bacterial and synthetic IAA. The synthetic IAA was dissolved in sterile water to 
obtain a closest concentration of bacterial IAA and used to treat the cuttings. 
 
2.2.3.4 Inoculation and general plant treatment 
Plant experiments using cuttings were inoculated by immersing the cuttings individually for 6 
hours (Tsavkelova et al., 2007a) in separate sterile microcentrifuge tubes containing 1 mL of 
immersion solution. After transfer to the growth tubes, water level was checked every three 
days and refilled if necessary to ensure the stem remained immersed below the water.  
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2.2.3.5 Recovery of A. brasilense Sp245 from cuttings 
In order to confirm the presence of Sp245 in cuttings after 6 hours immersion, a differential 
medium was used to distinguish the presence of Sp245from other microorganisms that may 
have grown during immersion. The number of Sp245 was estimated using the most probable 
number (MPN) technique. The MPN consists of sample dilution to extinction and multiple 
inoculations of media from each dilution. The number of bacteria of interest was estimated by 
comparing the number of positive reactions with published MPN tables (Woomer, 1990). 
 
2.2.3.5.1 Cutting extraction and MPN 
The PGPR were extracted from the cuttings by homogenizing the cutting using a mortar and 
pestle with 1 mL of sterilized 0.85% saline solution. The suspension was then transferred to 
microcentrifuge tube and vortexed. Each treatment was ground using a different pair of mortar 
and pestle to ensure there was no cross contamination.  
 
The plant material suspensions were diluted 10 fold in series by diluting 100 µL of the 
suspension to 900µL of sterilized 0.85% saline solution. Each dilution (100 µL) was then used to 
inoculate 3 mL of semi solid Nfb with malate as the sole carbon source. The growth of Sp245 
was detected by a rising white pellicle in the semi-solid media after 72 hours incubation at 26-
28°C. The number of Sp245 was calculated using computer software, MPN enumeration system 
(MPNes) from three replicates. 
 
2.2.3.6 Adventitious root growth measurement in cuttings experiment 
The following adventitious root growth measurements were conducted before the cuttings 
were removed from the medium.  
 
2.2.3.6.1 Root formation 
Root formation percentage was recorded at harvesting time by dividing the number of rooted 
cuttings by the total number of cuttings prepared for each treatment and multiplying the value 
by 100. 
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2.2.3.6.2 Number of main roots 
The number of main roots was recorded each week on water-grown cuttings by visual 
inspection and at harvesting time for sand- and potting mix-grown cuttings.  
 
2.2.3.6.3 Plant harvesting 
The plants were harvested by pulling the cuttings out from media and removing excess moisture 
on a paper towel. The roots were separated from the stem and transferred to 50% ethanol in a 
screw cap conical tube and kept at 4°C for root length measurement.  
 
2.2.3.6.4 Root length measurement 
Adventitious root length was measured using WinRhizo as described in section 2.2.1.4.5 without 
root mass separation.  
 
2.2.4 Data analysis 
All data were subjected to statistical analysis of variance (ANOVA) using IBM SPSS statistics 20 
and the differences between the means obtained were separated using Tukey’s test (IBM SPSS 
statistics 20). 
 
2.3 Results 
2.3.1 Preliminary studies with nursery seedlings of pansies 
In preliminary experiments, 14 week old pansy seedlings were inoculated with 1 mL of Sp7 
culture before transplanting to pots containing sand. Uninoculated pansies served as a control. 
The bacterial strain selected had previously been reported as having plant growth promoting 
activity. The number of Sp7 applied was 3.4 x 105cfu/mL. The destructive analysis was carried 
out on plants sampled fortnightly for 70 days. 
 
In general, most of growth parameters increased significantly over the sampling time in the 
control and inoculated pansies and no significant PGP effect were observed in plants inoculated 
with Sp7 nor was there a interaction between inoculation and sampling time.  
 
The pansies exhibited a considerable increase in plant height during the experiment in both 
control and inoculated pansies (Fig. 2.4). Inoculated pansies showed a better response in height 
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than the control, except at 14 and 42 days after inoculation (DAI). The maximum increase in 
plant height was noted on 56 DAI, followed by 70 DAI. The increase was 44.2% and 25.5% over 
the control respectively (Fig 2.4). Nevertheless, there was no statistically significant effect of 
inoculation on plant height (P=0.40) at any sampling time.  
 
Analysis of roots using WinRhizo indicated that the control demonstrated a better response in 
total root length than the inoculated pansy at any sampling time, except on 70 DAI (Fig. 2.5) 
which showed a slight increase (4.88%) over the control. Although the control generally 
outperformed the inoculated plants, the root length increase was not significant (P=0.40.).  
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Fig.2.4 Plant height of pansy seedlings at different sampling times. Error bars represent standard 
errors of the mean of four replicates. DAI: days after inoculation. 
Fig.2.5 Total root length of pansy seedlings at different sampling times. Error bars represent 
standard error of the mean of four replicates. DAI: days after inoculation. 
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The shoot and root fresh weights also increased with the age of the plant (Figs. 2.6 and 2.7). In 
both parameters, the control showed a better response than the inoculated pansies until 42 
DAI. At the last two sampling times, the inoculated plants had slightly increased shoot and root 
fresh weight than the control. The maximum shoot and root fresh weight increase over the 
control was on 56 DAI with an average of 2.95 g (11%) and on 70 DAI with 1.82 g (16.7%), 
respectively. However, the increase in fresh weight parameters were not statistically significant 
(P=0.98 and P=0.68). 
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Fig.2.7 Root fresh weight of pansy seedlings at different sampling times. Error bars represent 
standard error of the mean of four replicates. DAI: days after inoculation. 
Fig.2.6 Shoot fresh weight of pansy seedlings at different sampling times. Error bars represent 
standard error of the mean of four replicates. DAI: days after inoculation. 
 43 
 
0
100
200
300
400
500
600
700
800
900
14 DAI 28 DAI 42 DAI 56 DAI 70 DAI
Sh
o
o
t 
d
ry
 w
e
ig
h
t 
(m
g)
 
Sampling time 
Control
Inoculated
0
10
20
30
40
50
60
70
80
90
14 DAI 28 DAI 42 DAI 56 DAI 70 DAI
R
o
o
t 
d
ry
 w
ei
gh
t 
(m
g)
 
Sampling time 
Control
Inoculated
For shoot and root dry weight measurements in pansy seedlings, there was no significant effect 
of inoculation at P<0.05. The dry weights increased with the age of the plant for both control 
and inoculated plants (Fig 2.8 and 2.9), however the control pansies demonstrated higher dry 
weight compared to pansy treated with Sp7 at most sampling times. Inoculated pansies 
increased 25% shoot dry weight at 70 DAI and 5% root dry weight at 56 DAI over the control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.9 Root dry weight of pansy seedling at different sampling times. Error bars represent 
standard errors of the mean of four replicates. DAI: days after inoculation. 
Fig.2.8 Shoot dry weight of pansy seedling at different sampling times. Error bars represent 
standard errors of the mean of four replicates. DAI: days after inoculation. 
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Chlorophyll content measurements demonstrated that at both sampling times, the inoculated 
pansies had slightly higher chlorophyll contents than the control by 2.25 and 9.7% on 56 and 70 
DAI, respectively (Fig 2.10). There was a significant effect (P=0.005) of sampling time on 
chlorophyll content in control and inoculated plants but there was no significant effect of 
inoculation or the interaction between sampling time and inoculation on this parameter 
(P=0.23).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On the other hand, inoculated pansies showed a noticeable increase in maximum 
photosynthetic rate (Pmax) on 70 DAI by up to 120% (Fig 2.11), even though the control showed 
a better response on 56 DAI. The Pmax increase by inoculation was significant at P<0.05. 
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Fig.2.10 Chlorophyll content in pansy seedling at different sampling times. Error bars represent 
standard errors of the mean of four replicates. DAI: days after inoculation. *Statistically 
significant different from 56 DAI (P<0.05) 
* 
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In this experiment, differences in response to inoculation on growth parameters were 
undetectable possibly because the pansy roots were already well colonised and Sp7 could not 
compete with the microorganisms present in the potting mix. To minimise competition, the next 
experiments were designed to apply inoculum to plant cuttings during propagation to reduce 
competition and to determine the effect on the development of adventitious roots. Plant 
propagation from cuttings was selected over seed propagation to reduce genetic variation. 
PGPR strains were also further selected for their ability to produce the phytohormone IAA in 
liquid culture. Selection of ornamental plants was performed by immersing the plant cuttings in 
the selected strain solution and measuring the adventitious roots produced to obtain the most 
responsive plant to the selected PGPR. It is a common commercial practice to immerse plant 
cuttings in chemical preparations of the phytohormone IBA during propagation. By doing this 
experiment, the most effective combination of PGPR-ornamental plant may be established to 
further investigate the effects of PGPR inoculation on ornamental plants and the potential for 
PGPR application in the ornamental plant propagation industry.  
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Fig.2.11 Maximum photosynthetic rate in pansy seedlings at different sampling times. Error bars 
represent standard errors of the mean of four replicates. DAI: days after inoculation. 
*Statistically significant different from control (P<0.05)  
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2.3.2 Selection of potential PGPR strains 
The PGPR strains used in the project were selected based on their ability to produce IAA in liquid 
medium (Table 2.1). Initially, the strains were identified by growing them on differential media 
to identify typical physiological characteristics and then on the basis of their 16S rDNA 
sequence. IAA production of PGPR strains was determined according to Gordon and Weber 
(1951) by growing the strains on liquid DF medium. Production of IAA was measured was taken 
daily during the 3 day incubation. 
 
2.3.2.1 Growth characteristics of PGPR strains 
L-sorbose fermentation was found to be unique to C. freundii 3C in an API 50 CH test when 
compared with other enterobacteriaceae Klebsiella pneumonia 4P and Enterobacter Spp. 5P 
(Deaker et al., 2008). Phenol red fermentation medium supplemented with carbohydrate L-
sorbose was used to distinguish C. freundii from the other four strains (Pseudomonas 
fluorescens 1N, A. brasilense Sp7, A. brasilense Sp-7S and A. brasilense Sp245). Fermentation of 
the carbohydrate was detected by colour change of the medium from red to yellow, indicating 
acid production by C. freundii 3C. The colour change in medium inoculated with 3C in Fig. 2.12 is 
clearly visualized while inoculation with other strains did not result in colour change of the 
medium. 
 
 
 
 
 
 
 
 
 
 
Fig.2.12 Comparison of the PGPR strains growth in phenol red mediumto distinguish C. freundii 
3C from other PGPR. Colour change of phenol red media from red to yellow indicates 
fermentation of carbohydrate L-sorbose by 3C. 
3C 1N Sp7 Sp7-S Sp245 
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Production of fluorescent metabolites by 1N was performed using King’s B medium then 
visualization of fluorescence under ultraviolet light (Fig. 2.13) exhibited response of 
Pseudomonas fluorescence strain 1N when grown on King’s B medium. Fluorescence was not 
observed with any of the other selected strains 
 
 
 
 
 
 
 
 
Typical growth of A. brasilense was measured using semisolid Nfb medium and detected by 
formation of a rising white pellicle on the subsurface of the medium. A. brasilense strains 
formed white pellicle after 72 hours incubation and no pellicle was observed in 3C and 1N (Fig. 
2.14).  
 
 
 
 
 
 
 
 
 
 
Fig.2.14 Typical growth characteristics of A.brasilense in semi solidNfb. Circles indicate rising 
pellicles in the media indicating the growth of the Azospirillum strains. A: the pellicle starts 
deepen in the medium and B: the pellicle rises as it consumes O2. 
A B 
Fig.2.13 Visualization of the PGPR strains growth on KB plate under UV light. 1: Fluorescence was 
only observed with 1N culture. Sp245 on KB plate was included to represent A. brasilense 
strains. 
3C 1N Sp245 
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2.3.2.2 Molecular analysis of PGPR strains 
Sequencing of 16S rDNA followed by BLASTn analysis was used to confirm identification of PGPR 
strains. The identities of the PGPR strains according to Genebank database are listed in Table 
2.3. Strain 3C was identified as Citrobacter freundii and 1N as Pseudomonas fluorescens. BLASTn 
analysis confirmed the identity of Sp7 and Sp245 as Azospirillum brasilense Sp7 and Sp245, Sp7-
S was confirmed as A. brasilense. Differentiation of strains for 1N, 3C and Sp7-S were not 
possible as they have not yet been included in the Genebank database.  
 
Table 2.3 BLASTn report obtained from NCBI Genebank database on identification of PGPR strains 
Strain Confirmation of 16S rDNA on Genebank database Coverage 
3C Citrobacter freundii 100% 
1N Pseudomonas fluorescens 100% 
Sp7 Azospirillum brasilense Sp. 7 100% 
Sp7-S A. brasilense 97% 
Sp245 A. brasilense Sp. 245 100% 
 
2.3.2.3 IAA production of PGPR strains 
Measurement of IAA was designed to determine the most effective IAA producing PGPR strain 
in a defined liquid medium (Dworkin and Foster, 1958) with and without the addition of 
tryptophan. Tryptophan is the biochemical precursor of auxin (including IAA) production in 
bacteria. Colorimetric analysis based on the colour change of Salkowski reagent was used to 
measure the phytohormone production. The effect of tryptophan on the number of viable cells 
was also determined over three days incubation (Table 2.4). 
 
In the absence of tryptophan, the viable number of 3C cells reached a maximum on day 1 with 
log10 of 8.7 cfu/mL (Table 2.4). Cell numbers of 3C decreased during the incubation period. A 
similar result was obtained when 3C was grown in the presence of tryptophan, the cell number 
decreased during three days incubation. The lowest viable cell number was observed at day 3 
with log10 7.7 cfu/mL. Statistically, there was no effect of tryptophan addition (P=0.46) on the 
growth of 3C over the growing period. 
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Conversely, viable cell numbers of 1N grown without tryptophan increased over the four days 
and the maximum growth was noted on day 3 with log10 9.1 cfu/mL. The number of viable cells 
of 1N increased on day 1 in the presence of tryptophan, then declined on the following day. The 
number then increased and reached the maximum number with log10 8.9 cfu/mL. .However, 
addition of tryptophan in the growth medium did not significantly affect the viable cell number 
(P=0.52). 
 
Table 2.4 The number of viable bacterial cells/mL (log10) in the presence and absence of tryptophan 
Values are averages of three independent samples ± standard error. 
 
Generally, Azospirillum strains grew more slowly than 3C and 1N during incubation. The number 
of Sp7 only changed slightly during three days of growth. Viable cell number reached a 
maximum at day 3 with log10 8.2 cfu/mL without tryptophan and log10 8 cfu/mL with tryptophan. 
The increase of viable cells on day 3 was significant (P<0.05), however, cell growth was not 
significantly affected by the presence of tryptophan (P=0.55). Similarly, the number of viable 
cells of Sp7-S culture reached a maximum on day 3 without tryptophan and day 2 with 
tryptophan. Cell growth of Sp245 showed same trend which the number of viable cell decreased 
on day 1 then increase on following days. There was no significant effect of tryptophan on the 
number of viable cells during growth period (P>0.05).  
 
In the presence of tryptophan, all strains significantly increased their production of IAA 
compared with strains grown in the absence of tryptophan at P<0.05 (Table 2.5).The IAA 
content was also significantly affected by sampling time (P<0.05). The range of IAA production 
by PGPR strains was 0.04-0.41 µg/mL without tryptophan and up to ten times higher in the 
presence of tryptophan at 0.29-43 µg/mL (Table 2.5). 
 
 Log10cfu/mL (Non tryptophan medium) Log10cfu/mL (Tryptophan medium) 
Strain Day 0 Day 1 Day 2 Day 3 Day 0 Day 1 Day 2 Day 3 
3C 8.6 ± 0.06 8.7 ± 0.13 8.1 ±0.03 6.6± 0.29 8.8 ± 0.30 8.2 ± 0.14 8 ± 0.06 7.7 ± 0.52 
1N 7.5 ± 0.16 7.8 ± 0.13 8.4 ± 0.32 9.1 ± 0.38 7.8 ± 0.05 8.2 ± 0.04 5.8 ± 2.91 8.9 ± 0.54 
Sp7 7.7 ± 0.14 7.7 ± 0.09 7.6 ± 0.06 8.2 ± 0.04 7.8 ± 0.04 7.8 ± 0.07 7.8 ± 0.10 8 ± 0.07 
Sp7-S 7.4 ± 0.05 7.4 ± 0.06 7.6 ± 0.10 8.2 ± 0.36 7.9 ± 0.42 7.3 ± 0.17 8 ± 0.11 7.7 ± 0.14 
Sp245 7.5 ± 0.09 6.8 ± 0.31 7.6 ± 0.14 8.1 ± 0.06 7.5 ± 0.09 7 ± 0.37 7.7 ± 0.33 8 ±0.03 
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A significant increase in the production of IAA by all strains was recorded in the presence of 
0.1% tryptophan. Sp245 showed a maximum increase on day 3 by more than 100% of the initial 
concentration on day 0, followed by Sp7 and Sp7-S. Meanwhile, the IAA production of 3C and 
1N reached a maximum on day 1 and then slowly declined over day 2 and 3. 
 
Initial IAA production at day 0 was higher when the medium was supplemented with tryptophan 
over the non tryptophan medium indicating that tryptophan was important for IAA production 
of all PGPR strains. The results on day 0 also indicated that tryptophan may induce the synthesis 
of bacterial IAA rapidly especially in A. brasilense strains, because the same starter culture was 
used to inoculate the both media, with and without tryptophan, the IAA measurement was 
performed immediately after all media were inoculated.  
 
Table 2.5 Production of IAA (µg/mL) in the presence and absence of tryptophan 
Values are the mean of three independent samples ± standard error 
 
In order to calibrate IAA measurement on the basis of cell density, the IAA concentration was 
calculated as µg/107 bacterial cells (Fig. 2.15). In general, production of IAA in the presence of 
tryptophan was up to 10 times higher than it was without tryptophan. When related to the 
number of viable bacterial cells, the highest amount of IAA production was observed in 3C at 
day 3 in non-tryptophan medium. However the quantities produced were significantly less when 
tryptophan present in the medium. In the presence of tryptophan, IAA production increased in 
all Azospirillum strains after 24 hours incubation, with Sp245 producing the highest amount of 
IAA. While the production of IAA by Sp7 increase consistently during the three day observation, 
both Sp7-S and Sp245 produced lower concentrations at day 2. The decrease was more 
noticeable in Sp7-S by 68%. At day 3, all Azospirillum reached their maximum, with the highest 
obtained by Sp245 of 4.92 µg/107 bacterial cells. 3C and 1N had maximum production on day 2 
and day 1, respectively.  
Strain Non Tryptophan medium Tryptophan medium 
 Day 0 Day 1 Day 2 Day 3 Day 0 Day 1 Day 2 Day 3 
3C 0.04 ± 0.01 0.05 ± 0.00 0.09 ± 0.00 0.22 ± 0.11 0.29 ± 0.06 7.64 ± 0.54 5.91 ± 0.41 4.72 ± 1.24 
1N 0.05 ± 0.01 0.05 ± 0.00 0.37 ± 0.2 0.31 ± 0.09 0.79 ± 0.03 3.50 ± 0.35 2.36 ± 0.77 0.99 ± 0.14 
Sp7 0.04 ± 0.00 0.05 ± 0.00 0.41 ± 0.18 0.05 ± 0.02 2.13 ± 0.21 7.64 ± 0.21 10.08 ± 0.89 20.56 ± 2.41 
Sp7-S 0.04 ± 0.00 0.05 ± 0.00 0.12 ± 0.06 0.04 ± 0.00 1.95 ± 0.09 7.12 ± 0.24 8.87 ± 0.12 18.36 ± 1.01 
Sp245 0.04 ± 0.00 0.05 ± 0.00 0.06 ± 0.00 0.04 ± 0.00 1.99 ± 0.09 9.52 ± 0.90 29.5 ± 2.24 43.0 5± 1.71 
Fig.2 IAA production by bacterial strains on Day0 
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There were significant effects of sampling time and addition of tryptophan on IAA production on 
the basis of cell density by 1N, Sp7 and Sp7-S (P<0.05). However, the effect of time and 
tryptophan addition were not significant (P=0.16 and P=0.10) on IAA production by 3C. When 
Sp245 cells grown with tryptophan, the production of IAA significantly increased (P=0.03) 
however the production was not significantly different during three days of incubation (P=0.39)  
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Fig.2.15 IAA production expressed per number 107of viable bacterial cells in the presence 
and absence of tryptophan. The values are means of three independent samples. Bars above 
values are standard errors. 
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2.3.3 The effect of various immersion solutions on the adventitious root growth 
parameters of ornamental cuttings in water medium 
Ornamental plants used in the propagation experiment were obtained from a local plant 
nursery. The cuttings were immersed in different solutions including cultures of selected PGPR 
Sp245 to evaluate adventitious root formation. To confirm the presence of Sp245 in the cuttings 
after immersion, the bacterial cells were recovered using a semi solid Nfb medium. 
 
The initial number of Sp245 cells in the Sp245 culture before inoculation of cuttings was 
1.4x108cfu/mL and IAA concentration was 27 µg/mL. After 30 days, the three ornamentals that 
were tested had responded differently to each immersion solution (Fig 2.16). All immersion 
solutions induced adventitious root growth of Argyranthemum sp. cuttings. Root formation by 
cuttings was calculated as percentage of cuttings that formed roots per treatment. Cuttings 
treated with Sp245 supernatant grown with tryptophan and water had the highest percentage 
of root formation of 83.3%. The other treatments resulted in 66.7% root formation. The 
bacterial and IAA treatments stimulated root formation in L. stoechas cuttings, with the highest 
root growth observed in cuttings treated with 0.003% IAA. In the third week very small roots 
were detected in Osteospermum sp. cuttings immersed in Sp245 cultures with tryptophan and 
heat-killed cell solutions. The Sp245 cultures with tryptophan stimulated 33.3% root formation, 
whereas heat-killed cells caused 16.7% of the cuttings to produce roots (Fig 2.16).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.16 The effect of various immersion solutions on adventitious root growth in ornamental cuttings 
tested. Results are presented as percentage of cuttings producing roots over the period of incubation. 
The values are means of six replicates. The lack of error bar is because the values were not means, 
but total percentage. C+: culture of Sp245 grown with tryptophan, SN+: supernatant of Sp245 grown 
with tryptophan. 
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Adventitious roots from ornamental plant cuttings had a similar visible appearance regardless of 
the various immersion solutions (Figure 2.17). 
 
 
 
 
 
 
 
 
 
 
 
 
Very few roots were observed in treatments during the first week after immersion. However, all 
plants developed some roots by the third week of growth (Fig. 2.18). Of the various immersion 
solutions used to inoculate Argyranthemum sp. cuttings, the Sp245 supernatant grown with 
tryptophan treatment resulted in the highest number of roots over the observation time. 
Cuttings treated with Sp245 supernatant with tryptophan produced 26% more roots per cutting 
than the water treatment although they had the same rooting percentage  
 
Sp245 cultures grown with tryptophan and supernatant stimulated the production of more 
roots in L. stoechas cuttings compared to 0.003% IAA (Figure 2.18). During the first 7 days, 
cuttings treated with 0.003% IAA produced the largest number of roots and there were no roots 
detected on the cuttings treated with the Sp245 supernatant with tryptophan. From day 7 to 14, 
the Sp245 supernatant with tryptophan treatment resulted in an average of 2.3 roots per 
cutting which was the highest of all treatments. However, at week 3 and 4 the highest number 
of roots per cutting was observed in the Sp245 culture treatments with an average of 4, 2 and 5 
roots per cutting, respectively. 
 
Osteospermum sp. cuttings had slower root growth compared to the other ornamentals. During 
the first two weeks of observation, there was no root growth detected in any treatment. During 
Fig.2.17 Visual appearance of ornamental cutting root formation tested in various immersion solutions. 
Each ornamental showed similar adventitious appearances despite the various immersion solution used. 
A: Sp245 cultures, B: Sp245 supernatant, C: 0.003% IAA, D: Sp245 heat-killed cells and E: water 
 
 
Argyranthemum sp.              L. stoechas Osteospermum sp. 
A B C D E A B C A D 
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week 3 and 4 very small roots appeared on cuttings treated with Sp245 cultures and heat-killed 
cells. No root growth was detected in other treatments (Fig 2.18). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.18 The effect of various immersion solutions on the number of roots per ornamental cutting. 
The values are means of six replicates. Error bars represent standard error of the values.                 
C+: culture of Sp245 grown with tryptophan, SN+: supernatant of Sp245 grown with tryptophan. 
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The total length and surface area of roots in ornamental cuttings are shown in Table 2.6. 
Although the Argyranthemum sp. cuttings immersed in water for 6 hours had the highest root 
length and the largest root surface area of all the treatments (3.95 cm and 0.60 cm2), Fig 2.18 
shows cuttings treated with Sp245 supernatant with tryptophan produced more roots than the 
water treatment did, illustrating that the Sp245 supernatant produced more roots of shorter 
lengths than the water treatment whereas the 0.003% IAA immersed cuttings had the shortest 
total root length of 1.85 cm on average. However, total root length or root surface between the 
cuttings did not vary significantly (P=0.68)  
 
The experiment also demonstrated that L. stoechas and Osteospermum sp. inoculated with 
Sp245 cultures with tryptophan had the highest total root length and the largest total surface 
area than other treatments. The treatments developed total root length and surface area with 
averages of 3.04 cm and 0.31 cm2 in L. stoechas and 0.05 cm and 0.01 cm2 in Osteospermum sp. 
(Table 2.6). 
 
Table 2.6 The effects of various immersion solutions on total root length and total root surface area in 
ornamental cuttings. 
The values are means of six replicates ± standard error. C+: culture of Sp245 grown with tryptophan, 
SN+: supernatant of Sp245 grown with tryptophan. 
 
 
2.3.4 Recovery of A. brasilense Sp245 from ornamental cuttings 
The initial number of cells in the inoculum was 1.4 x 108 cfu/mL of medium. To investigate if the 
bacteria were absorbed by the cutting during inoculation, the cuttings were separated into two 
segments (upper and lower) immediately after 6 hours inoculation. Generally, the lower 
segment of all the ornamental cuttings had higher numbers of pellicle forming isolate compared 
Treatment Argyranthemum sp. L. stoechas Osteospermum sp. 
 Total length 
(cm) 
Total surface 
area (cm
2
) 
Total length 
(cm) 
Total surface 
area (cm
2
) 
Total length 
(cm) 
Total surface 
area (cm
2
) 
C+ 2.29±1.03 0.35±0.16 3.04 ± 1.88 0.31 ± 0.20 0.05 ± 0.03 0.01 ± 0.006 
SN+ 2.49±1.14 0.39±0.17 1.33 ± 0.48 0.14 ± 0.05 0 0 
0.003% IAA 1.85±0.78 0.28±0.12 2.44 ± 0.94 0.25 ± 0.09 0 0 
Heat-killed cells 2.20±0.78 0.33±0.0.12 0 0 0.02 ± 0.02 0.002 ± 0.002 
Water 3.95±1.45 0.60±0.22 0 0 0 0 
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to the upper segment and contributed more than 50% of the total number of bacteria recovered 
(Table 2.7).  
 
Table 2.7 Pellicle forming isolates in semi-solid Nfb from segments of inoculated cuttings 
Cuttings Segments of cutting 
MPN of pellicle formed isolates 
/g of segment fresh weight 
Argyranthemum sp.  Top 1.3 x 106 (6.12 ± 0.40) 
 Lower 6.2 x 107 (7.79 ± 0.34) 
Lavandula stoechas Top 1.2 x 104 (4.09 ± 1.39) 
 Lower 1.2 x 108 (8.09 ± 0.92)  
Osteospermum sp. Top 3.1 x 104 (4.98 ± 0.05) 
 Lower 3.1x 106 (6.50 ± 0.20) 
The values are means of three replicates. Values in brackets are log10 transformation ± standard 
errors. 
 
The total number of recovered Sp245 is presented in Table 2.8 and shows the highest recovery 
of bacteria was achieved in L. stoechas cuttings, where up to 86% of the initial inoculum was 
recovered, followed by Argyranthemum sp. (45.7%) and Osteospermum sp (2.3%). In the control 
(water) treatment, a very low number pellicle form isolates typical Azospirillum were detected 
in Argyranthemum sp. and Osteospermum sp. while L. stoechas cuttings had an undetectable 
levels of pellicle forming isolate. 
 
Table 2.8 Total MPN of isolate forming pellicles in semi solid Nfb 
Cuttings 
MPN of pellicle forming isolates 
/g of cutting fresh weight 
 Sp245 Water 
Argyranthemum sp. 6.4 x 107 (7.80 ± 0.33) 2.1 x 103 (3.33 ± 0.16) 
Lavandula stoechas 1.2 x 108 (8.09 ± 0.90) undetected 
Osteospermum sp. 3.3 x 106 (6.51 ± 0.19) 2.1 x 104 (4.33 ± 0.45) 
The values are means of three replicates. Values in brackets are log10 transformation ± standard 
errors. 
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2.4 Discussion 
2.4.1 Selection of PGPR inoculant based on IAA production in liquid medium 
The ability to synthesize IAA was used to select suitable PGPR as commercial ornamental plant 
growers often use auxins such as IBA to induce root formation in plant propagation techniques. 
IAA is an analog of IBA and is widely produced by rhizobacteria. Accordingly, IAA production may 
be a good marker for selecting an effective PGPR to support root formation in cuttings. Similar 
approaches have been reported by Khalid et al. (2004a) in selecting potential inoculants for 
improving wheat growth. The authors found that the highest auxin-producing-strains showed 
the most promising effects on wheat seedling growth parameters under contaminant-free 
(gnotobiotic) conditions. The strains also improved growth and yield of wheat in pot and field 
experiments, proposing that PGPR selection based on auxin production, including IAA, and 
evaluation the PGPR effects on plant growth in vitro, may be a reliable method to assess an 
effective PGPR.  
 
This experiment demonstrated that in a liquid medium, all strains showed similar trends in their 
IAA production. The phytohormone production was significantly higher in the presence of 
tryptophan. This result is in agreement with other studies on bacterial IAA biosynthesis in liquid 
medium with and without the addition tryptophan (Khalid et al., 2004b; Ahmad et al., 2005; 
Tsavkelova et al., 2007b). The results indicated that the addition of tryptophan is essential to 
increase IAA production of PGPR inoculants. The fluctuation of IAA production was observed of 
all strains, with the exception of 3C, in non tryptophan medium and of 3C and 1N in tryptophan 
medium. This indicated that different strains might reach their maximum production variously, 
then declined on the following day. Similar results was also reported by Lwin et al. (2012) in the 
isolation of IAA-producing rhizobacteria from various rhizospheric soils. The authors suggested 
that decreasing IAA produced by isolates day to day after their maximum was due to IAA 
transformations to IAA derivatives. 
 
The bacterial growth trend in the presence and absence of tryptophan in the culture was similar 
during the observation, with the highest rate of growth by strain 1N. Although 1N showed 
better growth in the tryptophan medium, Sp245 produced higher amounts of IAA in the same 
medium. This indicates that in the presence of tryptophan, the difference in IAA production 
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between Azospirilum and the other strains was not related to the number of viable bacterial 
cells.  
 
Azospirillum has been known to produce phytohormones, especially IAA, as one of the major 
mechanisms to promote plant growth (Tsavkelova et al., 2006b). After 24 hours incubation in 
the presence of tryptophan, Azospirillum strains showed high IAA production compared to two 
other strains with Sp245 producing the highest concentration. This result is supported by 
Zakharova et al.(1999) who used HPLC measurements to demonstrate that A. brasilense Sp245 
utilizes tryptophan as the main precursor for IAA production. Other compounds, that have been 
proposed as IAA precursors (anthranilic acid and indole), did not result in IAA production.  
 
In both media (with and without tryptophan), Azospirillum strains showed the highest viable 
bacterial number at day 3 which coincided with a maximum IAA production, indicating that IAA 
synthesis increases with bacterial growth. Tsavkelova (2007b) reported that IAA may also been 
implicated in growth stimulation. The addition of increasing levels of exogenous IAA to bacterial 
cultures stimulated bacterial cell growth and biomass accumulation and the effect was strain 
dependent. The stimulating effects were shown actively at the microbial exponential phase 
(measured using optical density) and shortened stationary growth phase. 
 
Patten and Glick (2002) demonstrated IAA production by Pseusodomonas putida with 
tryptophan levels lower (0-500 µg/mL) than those used in this experiment. The authors found 
that IAA production increased as tryptophan levels increased but the authors did not report the 
effects of tryptophan on the bacterial growth. IAA production in bacterial growth unit was 
expressed per bacterial growth based on observation at 600 nm (OD600). Optical density may not 
be as a reliable method as spread plating in measuring bacterial growth because conventional 
spectrophotometer observations cannot differentiate between living and dead cells while 
spread plating allows only viable cells to be counted. 
 
In another study (Ahmad et al., 2005) using higher levels of tryptophan (0-5000 µg/mL) similar 
results were reported. Increasing tryptophan concentration resulted in an increase in IAA 
production by Azotobacter spp. and Pseudomonas spp. after 7 and 15 days incubation. There 
was no report on the amount of bacterial growth.  
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A relationship between tryptophan concentration and A. brasilense Sp7 cell numbers was 
reported by Bar and Okon(1992). They found that when a high concentration of exogenous 
tryptophan was added to A. brasilense Sp7 growth medium, cell growth inhibition occurred and 
there was a particular change in transcription and protein synthesis. It was hypothesized that 
the increase in IAA production by Azospirillum may be related to bacterial survival against the 
plant-produced tryptophan toxicity in the rhizosphere. According to Glick (1999), rhizobacteria 
may synthesize IAA to enhance plant growth, so in turn, they will be able to obtain plant 
metabolites to support their growth. In this experiment only a single level of tryptophan (0.1% 
or 1000 µg/mL) was used, so further effects of exogenous tryptophan on bacterial growth 
cannot be confirmed. 
 
Given that Sp245 produced the highest amount of IAA during the three days of observation in 
this experiment, this strain was chosen to further evaluate PGPR effects on the growth of 
ornamental cuttings.  
 
2.4.2 Selection of the most responsive ornamental cuttings to Sp245 inoculation 
The use of water as a growth medium in this experiment was employed to obtain better 
observation of adventitious root growth over time. In addition, root observations could be 
carried out without removing the cuttings from the growth media which may destroy newly 
grown fragile roots. The synthetic IAA concentration used in this experiment (0.003%) was 
selected as the closest IAA concentration synthesized by Sp245 culture (27 µg/mL). The 
supernatant was included in this experiment to determine if the presence of Sp245 cells in 
immersion solution, that may subsequently be absorbed in the cuttings or attached on the 
cuttings surface, had a better effect than IAA containing supernatant only in stimulating root 
growth. Since there was no difference found between adventitious root growth parameters and 
appearances resulted from ornamental cuttings immersed in Sp245 culture or Sp245 
supernatants, the adventitious root growth stimulation may have resulted mainly due to the 
effect of IAA synthesized by the PGPR.  
 
Sp245 was capable of stimulating root formation in all of the ornamental cuttings tested. 
However, there were different responses between species to the various immersion solutions. 
Argyranthemum sp. did not appear to require specific stimulators to develop roots since all 
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treatments were able to stimulate root formation. In fact, Sp245 and 0.003% IAA treatments 
stimulated less root formation than the water control. Both Sp245 cell culture and supernatant 
grown with tryptophan promoted root formation in L. stoechas at a similar rate which was less 
than the 0.003% IAA treatment. No roots were detected in cuttings treated with Sp245 heat-
killed cells or water, suggesting that these cuttings required additional growth factors to form 
roots. The IAA contained in the culture and supernatant solution was effective as a root growth 
promoter for the plant. While roots only formed on Osteospermum sp. cuttings treated with 
Sp245 cell culture and heat-killed cells solutions. It can be speculated that the roots grew 
randomly and were not a result of any treatment. 
 
Even though there was no significant effects found, improvement over the IAA control, L. 
stoechas was the most responsive plant cutting to the Sp245 inoculant. This is also supported by 
the Sp245 cell recovery results from plant cuttings using Nfb medium and MPN counts that 
show that this plant had the highest Sp245 cell recovery. There were no Azospirillum detected 
from the water-treated L. stoechas cuttings, confirming the plant did not have an endemic 
Azospirillum population which may affect Sp245 inoculations. Nfb medium has been used to 
isolate diazotrophic bacteria including Azospirillum from environments, such as the rhizosphere 
of wheat (Bashan and Levanony, 1985; Gosal et al., 2011), maize (Ilyas et al., 2008), rice (Jha et 
al., 2009), sugarcane (Moutia et al., 2010) and taro (Jolly et al., 2010). 
 
The importance of host plant selection for PGPR inoculation was reported by Moutia et al. 
(2010). Their study showed that PGP effects of an Azospirillum mixed inoculant on sugarcane 
growth parameters under drought stress were dependent on the plant variety. Thus, host plant 
selection should be performed to ensure the effectiveness of PGPR inoculation. Host plant 
selection in this experiment was not carried out to a variety level, nevertheless, the different 
species clearly demostrate different responses to inoculation with Sp245. Different growth and 
yield responses between inoculated varieties of wheat in field trials was also reported by Khalid 
et al. (2004a), indicating that selection of responsive plants to selected PGPR inoculation will 
improve PGP effects.  
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2.5 Conclusion 
In summary, since the use of ornamental seedlings did not result in detectable effects of PGPR 
inoculation, ornamental cuttings was used as plant material to minimise competition between 
inoculated PGPR and microorganisms already present in potting mix. The most effective PGPR-
ornamental plant interaction was shown to be by Sp245-L.stoechas. Sp245 was chosen as the 
potential inoculant due to its ability to produce the highest amount of IAA in the liquid medium. 
Furthermore, Sp245 inoculation of L. stoechas cuttings resulted in positive responses such as 
adventitious root formation, high number of Sp245 cell recovery from the cuttings and no 
Azospirillum endemic populations. Accordingly, this pair will then be used in further 
experiments to evaluate PGPR effectiveness in ornamental plant cutting propagation techniques 
to compare their effectiveness to commercial root growth regulators.  
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CHAPTER 3 PLANT GROWTH PROMOTION OF LAVANDULA STOECHAS 
CUTTINGS AFTER INOCULATION WITH AZOSPIRILLUM 
BRASILENSE Sp245 
 
 
3.1 Introduction 
The nursery industry utilizes vegetative propagation to preserve essential ornamental properties 
such as flower colour, productivity, disease resistance and also to prevent plant variations that 
may result from seed propagation. Propagation by cuttings is considered an effective and rapid 
technique to maintain specific characteristics, especially in herbaceous plants (Cameron and 
Emmett, 2003). Successful ornamental cutting production relies on adventitious root growth of 
the plant. Synthetic auxin is one of the most widely used growth regulators in the industry and is 
used by ornamental growers to accelerate root growth (Miller, 2003). Auxin is naturally 
synthesized by plants, mainly as IAA, and is distributed throughout plant parts (Napier, 
2003).However exogenous auxins, such as synthetic IBA and 1-naphthaleneacetic acid (NAA), 
are used to enhance root growth in cuttings.  
 
Inoculation of plant cuttings with IAA-producing PGPR may be a cost-effective alternative to 
using synthetic auxin is in order to promote adventitious root growth. Azospirillum is one of the 
most well-studied IAA-producing PGPR and has been shown to improve water and mineral 
uptake by developing root systems following inoculation of agricultural crops (Bashan and 
Levanony, 1990; Dobbelaere et al., 2001; Saubidet et al., 2002).  
 
Plants belonging to genus Lavandula (lavender) are widely distributed throughout the 
Mediterranean area and are commercially cultivated as ornamental plants or for essential oil 
production (Angioni et al., 2006). Lavender oil is mainly used for food, aromatherapy and 
cosmetic purposes. In addition, studies have also shown that lavender oil is effective for its 
therapeutic and antimicrobial benefits (Cavanagh and Wilkinson, 2005; Angioni et al., 2006; 
Hanamanthagouda et al., 2010; Zuzarte et al., 2011) as well as antioxidant activity (Hui et al., 
2010). 
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Inoculation of carnation cuttings with Azospirillum strains produced longer adventitious roots 
compared with 0.1% commercial rooting hormone (IBA) or water 24 days after inoculation (Li et 
al., 2005). Inoculation of chrysanthemum seedlings with Azospirillum combined with 75% of the 
recommended dose of N (RDN) significantly increased growth parameters and flower yield 
compared to the uninoculated and 100% RDN plants indicating the bacterial inoculation 
substituted at least 25% of the fertilizer requirement (Gadagi et al., 2002). These studies 
indicate that Azospirillum may be used in the ornamental industry to reduce the use of both 
growth hormone and fertilizer.  
 
Observation that PGPR application can enhance growth of various crops in controlled conditions 
and field has stimulated interest in the mass production and commercialisation of microbial 
inoculants based on PGPR. Microbes formulated as inoculants must maintain viability and retain 
their functional PGP characteristics throughout product shelf life (Bashan, 1998). The most 
widely used commercial bacterial inoculants are based on the N2-fixing rhizobia used to 
inoculate legumes (Deaker et al., 2004).  
 
Bashan (1998) defined a bacterial inoculant as : 
 “a formulation containing one or more beneficial bacterial strains (or 
species) in an easy-to-use and economical carrier material, either organic, 
inorganic, or synthesized from defined molecules”. 
The properties of a carrier should support bacterial growth and survival during production and 
storage and also allow adequate distribution of the inoculant bacteria to the target host (Smith, 
1992; Bashan, 1998; Deaker et al., 2004). In addition, high quality inoculants should retain 
desirable biological, chemical and physical properties during production, be easy to 
manufacture, easy to handle, nontoxic, and environmentally friendly (Bashan, 1998) 
 
Rhizobial inoculants are available as peat, liquid or broth, freeze-dried and granular products 
(Deaker et al., 2004). Although peat is the most successful carrier, it is not available worldwide 
(Bashan, 1998; Lucy et al., 2004). Rhizobial cells grown and stored in peat undergo physiological 
and morphological changes and generally survive better during delivery to the host plant, 
particularly when applied to seed (Feng et al., 2002; Deaker et al., 2004).  
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The aims of the experiments described in this chapter were to investigate the growth promoting 
effects of Sp245 on adventitious root growth of L. stoechas cuttings in different plant growth 
media and to determine if inoculation can stimulate nutrient uptake efficiency. Furthermore, 
the efficacy of different inoculant formulations containing Sp245 was tested and compared with 
a commercially available biofertilizer TwinN. 
 
3.2 Materials and methods 
This chapter describes four separate plant-based experiments carried out to evaluate the effects 
of A. brasilense Sp245 inoculation on adventitious root growth of L. stoechas cuttings. Sp245 
was selected for this study because of its ability to produce the highest concentration of IAA 
when compared to other strains tested (as described in Chapter 2). The first three experiments 
investigated adventitious root growth responses of treated cuttings in sand and water. The final 
experiment investigated the effect of Sp245 on growth and nutrient uptake of treated L. 
stoechas shoots after transferring from sand to commercial potting mix.  
 
3.2.1 Plant species and bacterial strains used in these experiments 
Ornamental cuttings used in these experiments were harvested from L. stoechas, purchased 
from local nursery. The cuttings were prepared as described in section 2.2.3.1. 
 
The source of strain A. brasilense Sp245 is described in section 2.2.2.1. 
 
3.2.2 Plant growth media preparation 
The effect of Sp245 on adventitious root growth of L. stoechas was performed in two different 
media, sand and water. Whereas investigation on the effect of Sp245 on nutrient uptake of L. 
stoechas cuttings was initially carried out in sand medium to grow adventitious roots after 
which the rooted cuttings were transferred to potting mix medium. 
 
3.2.2.1 Sand medium 
Propagating sand (Brunnings garden product Pty Ltd., Australia) was moistened with distilled 
water and autoclaved at 121°C for 1 hour. The bottom of each cell of seedling trays was covered 
with two sheets of paper towel of adequate size. The cells were then filled with the sand and 
were moistened with water. After cuttings were inserted in the sand, the tray was covered with 
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a transparent lid (Fig 3.1) to maintain humidity and reduce water loss. In order to prevent 
contamination between treatments, each tray contained a single treatment. The trays were 
placed under a light bank, randomly arranged and moved around each week during the 
propagating period to eliminate bias.  
 
 
 
 
 
 
 
 
 
 
 
3.2.2.2 Water medium 
Water as a growth medium was prepared using sterile MilliQ water and plant growth assemblies 
were set up as described in section 2.2.3.2. 
 
3.2.2.3 Potting mix medium 
Commercial potting mix (Greenlife premium potting mix, Australian Native Landscapes Pty Ltd.) 
was used as the growth medium for cuttings that had produced adventitious roots in sand. 
Plastic pots (9.5 diameter x 9.5 cm deep) were sterilized by soaking in 4% sodium hypochlorite 
for 1 hour and rinsing with tap water. A sheet of paper towel was placed at the bottom of the 
pot and approximately 150 g of potting mix was added and moistened with 100 mL of water. A 
plastic container was placed under each pot to collect excess water. The plants were kept under 
a light bank for 30 days before harvesting. 
 
 
Fig.3.1 Layout of sand grown cuttings experiment. The lid was used to reduce evaporation 
and maintain humidity. 
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3.2.3 Preparation and treatments of plant cuttings 
3.2.3.1 Preparation of solutions used to treat cuttings of L. stoechas 
Various solutions were prepared for application to plant cuttings before transfer to plant growth 
medium. All water was MilliQ water, unless mentioned otherwise and a detailed description of 
solutions used to treat cuttings and their preparation is provided below. For each plant 
experiment, inoculum properties including the viable number of Sp245, bacterial strains 
contained in commercial biofertilizer and IAA concentration were measured as described in 
section 2.2.2.4 and 2.2.2.5. List of plant experiment and treatments included in the relevant 
experiment is presented in Table 3.1. 
 
Table 3.1 Description and coding of treatment for each plant experiment 
Exp 1: sand-grown cutting, Exp 2: water-grown cutting, Exp 3: washed cells of Sp245 and Exp 4: 
growth and nutrient uptake in potting mix. Hashed blocks indicate the treatment(s) was not included 
in the relevant experiment. 
 
Treatment of synthetic IAA was prepared as described in section 2.2.3.3. The commercial plant 
rooting hormone Rootex-L (Bass laboratories, Australia) contains 0.4% indole-3-butyric acid 
(IBA) and was used as a positive control. The solution was prepared according to the 
manufacturer’s instructions by diluting the hormone with water in a 1:1 ratio. 
 
Colonies of Sp245 (prepared as in section 2.2.2.2.2) growing on NA were used to inoculate 2 mL 
of DF minimal medium and mixed using a vortex mixer. The thick homogenized culture was then 
aseptically dispersed in 1 mL aliquots to 50 mL of liquid DF minimal medium supplemented with 
Treatment - immersion solution 
Code of treatment 
used in figures 
Experiment 
1 2 3 4 
Water water 
 
   
0.003% IAA 0.003% IAA 
 
   
Commercial rooting hormone 0.4% IBA 
 
   
Supernatant of Sp245 grown without tryptophan SN- 
 
   
Supernatant of Sp245 grown with tryptophan SN+ 
 
   
Culture of Sp245 grown without tryptophan C- 
 
   
Culture of Sp245grownwith tryptophan C+ 
 
   
Peat culture of Sp245 PC 
 
   
Commercial biofertilizer CB 
 
   
Sp245 with tryptophan resuspended in MgSO4 Sp245 in MgSO4  
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filter sterilized L-tryptophan to a final concentration of 0.1%. The cultures were then incubated 
at 28°C for three days with shaking (125 rpm) and used as an immersion solution. Sp245 
cultures without addition of tryptophan also included as treatment. 
 
Cultures of Sp245 grown in DF minimal medium with and without tryptophan were centrifuged 
at 3,000g for 30 minutes. The supernatant was then collected and used to treat plant cuttings. 
The supernatant in the first experiment was not filtered but in subsequent experiments the 
supernatant was filter-sterilized using a syringe filter (0.22µm) to remove cells that may be still 
present in the supernatant after centrifugation. The supernatant of culture Sp245 grown with 
and without tryptophan were included in the project to investigate the effect of bacterial IAA in 
the immersion solution to stimulate adventitious root formation.  
 
Peat culture of Sp245 was produced by inoculating a pack of sterilized peat (150 g) with 90 mL 
of Sp245 liquid culture without tryptophan using a sterile 25G syringe and incubated for 7 days 
at 28°C. In the first experiment, the Sp245 peat culture (1 g) was added into 99 mL of DF 
medium without tryptophan and vortexed thoroughly. The mixture was then centrifuged and 
the resulting supernatant was used as an immersion solution after filter sterilisation 
(0.22µm).This was done to determine if there was any effect of IAA produced by peat-grown 
cells of Sp245. In order to increase inoculum size in subsequent experiment, 10 g of peat was 
suspended in 90 mL of DF medium and homogenized. The peat culture solution was not filter 
sterilized so that viable cell numbers of Sp245 were maintained in peat culture solution.  
 
To prepare the washed Sp245 cell treatment, the Sp245 culture grown in the presence of 
tryptophan was prepared as above and the cells were harvested by centrifugation at 3,000 g for 
30 minutes. The supernatant was then discarded and the cells were washed once with 0.03 M 
MgSO4. The harvested cells were diluted with equal volume of 0.03M MgSO4 (50 mL) and this 
bacterial suspension was then used as an immersion solution. 
 
A commercial biofertilizer immersion solution was made by dissolving 1 g of freeze-dried 
biofertilizer TwinN (Mapleton Agribiotec) in 99 mL of DF medium and vortexing. The 
manufacturer claims that the TwinN biofertilizer contains a mixture of proprietary strains of N2-
fixing microbes and have been shown to produce an auxin-like secondary effect that induces 
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root growth including wheat, corn and horticultural trees but there was no report of TwinN 
application on ornamental cuttings. The product was included to in the study to investigate its 
effect in supporting root growth of ornamental cuttings. 
 
Inoculum properties including bacterial number and IAA production in immersion solutions 
were determined before use (section 2.2.2.4 and 2.2.2.5).IAA measurement in peat culture 
was carried out using filtered supernatant to remove peat particles. For Sp245 in peat 
culture and commercial biofertilizer IAA measurements, sterile water inoculated peat and DF 
medium were used as the respective blanks. 
 
3.2.3.2 Immersion method of cuttings 
Cuttings were obtained and prepared as described in section 2.2.3.1. Cuttings were inoculated 
by immersing the cuttings individually for 6 hours (Tsavkelova et al., 2007a)in separate sterile 
microcentrifuge tubes containing 1 mL of immersion solution except for the commercial rooting 
hormone IBA treatment which was carried out based on the manufacturer’s instructions. The 
lower end of the cuttings was immersed in IBA solution for 2 seconds and air dried on a paper 
towel before insertion in the growth medium. 
 
3.2.3.3 Plant growth conditions 
All plant experiments except water-grown cuttings were conducted under a light bank with 12 
hours light. Water-grown cuttings experiment was conducted in temperature-controlled growth 
chamber at a constant temperature between 24-25°C. 
 
The sand-or potting mix-grown cuttings were watered using a hand sprayer to maintain 
moisture. The water level in water grown cuttings was checked every three days and refilled if 
necessary to ensure the stem remained immersed below the medium. At the third week, 2 mL 
of Hoagland’s solution was added to the media to support plant nutrition. Nutrient solution was 
not added in the potting mix-grown cuttings and efficacy of different formulations experiments.  
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3.2.4 Measurement of inoculation efficacy and plant growth 
3.2.4.1 Recovery of Sp245 from L. stoechas cuttings after inoculation 
Sp245 and N2-fixing strains in commercial biofertilizer were recovered from cuttings after 
immersion for 6 hours in solutions and MPN was determined using the multiple tube 
fermentation method in semi solid Nfb medium (as described in section 2.2.3.5).  
 
3.2.4.2 Harvesting and adventitious root growth measurement 
Cuttings were harvested for analysis 30 days after planting. The cuttings were gently uprooted 
and shaken to remove excess sand around the roots. All the root growth parameters were 
measured as in section 2.2.3.6. 
3.2.4.3 Measurement of N content in plant tissue 
In experiment 4, after 30 days of growth in sand medium, cuttings that had developed roots 
were transferred to potting mix medium. The plants were then grown for 30 days and 
harvested. The cuttings were harvested by pulling them from the potting mix carefully and 
shoots were excised. The shoots were then dried at 60-70°C overnight and prepared for Kjeldahl 
N content determination as described below. 
 
3.2.4.3.1 Sample preparation 
For each treatment, dried shoot materials were ground separately using a mortar and pestle. 
The resulting powder was stored in microcentrifuge tubes.  
 
3.2.4.3.2 Kjeldahl methods 
The digestion process was performed using a block digester system with a scrubber (Auto digest 
system K-437, BUCHI). Each sample (100 mg) was transferred to a Kjeldahl sample tube and a 
selenium catalyst (0.05 g), anti foaming agent stearic acid (0.5 g) and 15 mL of 98% sulphuric 
acid were added. A sample tube containing catalyst, anti foaming agent and sulphuric acid 
without any plant material served as a blank. All the tubes were then placed into the block 
digester in a fume hood which had been warmed prior to analysis. The digestion was conducted 
at 380°C until the solution became clear.  
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X 100 
The cooled digested solution was placed in a flexible distillation unit (Auto Kjelflex K-437, Bio-
rad) and distilled. The distilled solution was then titrated with 0.1 M HCl using a burette. The HCl 
was added to the distilled solution slowly until the solution colour changed to light purple. The 
blank and sample colours were compared to the colour of standard solution containing Kjeldahl 
indicator and boric acid. The volume of HCl required to produce the same colour as the standard 
was recorded. 
3.2.4.3.3 N content calculation 
N content in the powdered leaf sample was calculated according to formula as follows: 
mg of nitrogen present in processed sample (mg N) = (T – B) x 14.0067 g/mol x conc. acid 
(mol/L).  
mg of nitrogen present in plant sample =mg N x VD/VU 
Percent nitrogen (%N) = mg N x VD/VU 
                 S 
Where:  T = mL acid for sample titration 
B = mL acid for blank titration 
S = sample weight in milligrams  
VD= volume of plant digest  
VU =volume of plant digest used in distillation process  
 
3.2.5 Data analysis 
Differences between means were analysed using analysis of variance (ANOVA, IBM SPSS 
statistics 20) and significantly different means were identified using Tukey’s test (IBM SPSS 
statistics 20). Relationship between treatments and measurement parameters were examined 
using linear regression in Microsoft Office Excel 2007 (Microsoft Corporation, Redmond, USA). 
 
3.3 Results 
3.3.1 Inoculum properties of immersion solutions 
The initial number of viable cells and IAA concentration in immersion solutions of bacterial 
origin were measured before application to cuttings. 
 
Viable number of Sp245 and bacterial strains in commercial biofertilizer was determined using a 
spread plate method on triplicate NA plates and IAA production was determined colorimetrically 
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using culture supernatants. The viable cell numbers and IAA concentrations contained in 
immersion solutions used in each experiment are presented in Tables 3.2, 3.3 and 3.4.  
 
Within each experiment, there was no significant difference in the number of viable cells grown 
with and without tryptophan (P>0.05, Table 3.2). Inoculum characteristics of Sp245 and 
bacterial strains contained in commercial biofertilizer were similar between experiments. In 
experiment 3, the number ofSp245 applied to cuttings were 5.6 x 108cfu/mL in Sp245 culture 
solution and 9.7 x 107cfu/mL in Sp245 after washing and resuspending in 0.03M of MgSO4 
solution. The numbers indicated some cells were lost during the washing process, but the 
difference on cell numbers was not statistically significant (P>0.05).  
 
In experiment 1, commercial biofertilizer contained significantly higher number of cells per mL 
with 1.7 x 109cfu when compared to other solutions (P<0.05). This may have been because of 
the greater concentration of cells in the freeze-dried preparation. 
 
Similarly to previous experiment in sand growth medium, in experiment 2, commercial 
biofertilizer had the highest number of bacteria per mL of immersion solution (2.1 x 
109).However, in this case there was no significant difference (P=0.058) between the number of 
viable cells in commercial biofertilizer (TwinN) and Sp245 culture solutions. 
 
As expected, there were no Sp245 colonies detected from peat culture extracts as a result of 
filter sterilization. Cells were removed in order to evaluate the effect of IAA production by peat-
grown cells on L. stoechas propagation. In experiment 2, the peat solution was not filter 
sterilized to investigate the effect of both cells and IAA concentration on root growth 
stimulation. The number of viable Sp245 cells in peat culture did not vary significantly to culture 
of Sp245 grown with or without tryptophan although the number of viable Sp245 cells in peat 
culture was two orders of magnitude lower than the culture of Sp245 in DF medium and three 
orders lower of magnitude compared to commercial biofertilizer. However, P value for the 
difference was low (P=0.058) and high variation in number of recovered cells from peat culture, 
which was shown by high standard error value (2.19, almost half of the data value). These might 
be the case of the insignificant difference in number of viable cells.  
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The presence of tryptophan significantly increased IAA production compared to Sp245 grown 
without tryptophan (Table 3.3). Cultures of Sp245 grown with tryptophan produced more IAA 
than peat cultures or commercial biofertilizer cultures 
 
In experiment 1, IAA production in immersion solutions ranged from 0.1 ± 0.33 to 68.3 ± 0.30 
µg/mL. The highest IAA production was Sp245 grown with tryptophan (68.3 µg/mL) followed by 
commercial biofertilizer, peat culture of Sp245 and Sp245 without tryptophan. When expressed 
per 107cfu, the highest amount of IAA production was still observed in Sp245 grown with 
tryptophan (5.34 µg/107cfu) which was significantly higher than other treatments (Table 3.4). 
However, IAA concentration per 107 cells of Sp245 grown without tryptophan and commercial 
biofertilizer was not significantly different (P=0.99). This indicates that the production of IAA 
was related to both the presence of tryptophan number of viable cells. 
 
Similarly, in experiment 2, Sp245 cells grown with tryptophan produced the highest level of IAA 
(68.4µg/mL). When number of viable cells was taken into account, IAA production by Sp245 
grown with tryptophan was 3.13 µg/107cfu which was significantly higher than IAA produced by 
Sp245 grown without tryptophan or commercial biofertilizer (0.03 and 0.04 µg/107cfu, 
respectively). When values were adjusted to the same bacterial number, the production of IAA 
by Sp245 with tryptophan did not vary significantly from IAA produced by peat culture of Sp245. 
 
In experiment 4, Sp245 grown in the presence of tryptophan showed significantly higher IAA 
production (P<0.01)when grown with tryptophan which was also observed when the production 
expressed per 107cfu (P=0.02).  
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Table 3.2 The initial number of viable bacterial cells contained in immersion solutions for each experiment using spread plate method 
The values are means of three replicates. Values in brackets are log 10 transformations ± standard errors. The values in the same column with different 
lower case letters are significantly different at p<0.05. Exp 1: sand-grown cutting, Exp 2: water-grown cutting, Exp 3: washed Sp245 cells and Exp 4:growth 
and nutrientuptake in potting mix. Below the limit of detection means there was no growth of the bacteria. Hashed blocks indicate the solution(s) was not 
included in the relevant experiment. cfu: colony forming unit. 
 
Table 3.3 The IAA concentration contained in immersion solutions for each experiment 
The values are means of three replicates ± standard error. The values in the same column with different lower case letters are significantly different at 
p<0.05. Exp 1: sand-grown cutting, Exp 2: water-grown cutting, Exp 3: washed Sp245 cells and Exp 4:growth and nutrientuptake in potting mix. Hashed 
blocks indicate the solution(s) was not included in the relevant experiment. The lack of standard error in Exp 3 column indicates the measurement was not 
replicated. *The IAA concentration was measured only in Sp245 culture because starter culture for both Sp245 in culture and Sp245 resuspended in MgSO4 
solutions was taken from the same source. 
Bacterial immersion solutions 
Inoculum size (cfu/mL of immersion solution) 
Exp. 1 Exp. 2 Exp.3 Exp 4 
Sp245 grown without tryptophan 7.7 x 107 (7.9 ± 0.13)b 2.7 x 108 (8.4± 0.03)a  4.4 x 108 (8.64 ± 0.05)a 
Sp245 grown with tryptophan 1.3 x 108 (8.1 ± 0.15)
b
 2.2 x 108 (8.3±0.07)
a
 5.6 x 108 (8.75 ± 0.33)
a
 3.8 x 108 (8.58 ± 0.11)
a
 
Peat culture of Sp245 below the limit of detection 2.8 x 106 (4.4±2.19)
a
   
Commercial biofertilizer 1.7 x 109 (9.2 ± 0.35)
a
 2.1 x 109 (9.3 ±0.06)
a
   
Sp245 in MgSO4   9.7 x 10
7 (7.9 ± 0.41)a  
Immersion solutions 
IAA concentration (µg/mL) 
Exp. 1 Exp. 2 Exp.3 Exp 4 
Sp245 grown without tryptophan 0.3 ± 0.09
c
 0.9 ± 0.22
c
  0.89 ± 0.09
b
 
Sp245 grown with tryptophan 68.3 ± 0.30
a
 68.4 ± 0.49
a
 11.6 93.9 ± 1.77
a
 
Peat cultures of Sp245 0.1 ± 0.33c 1.2 ± 0.21c   
Commercial biofertilizer 5.2 ± 0.2
b
 8.1 ± 0.12
b
   
Sp245 with tryptophan in MgSO4   *  
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Table 3.4 IAA concentration contained in immersion solutions expressed per 107cfu for each experiment 
 
 
 
 
 
 
 
 
 
 
 
The values are means of three replicates ± standard error. The values in the same column with different lower case letters are significantly 
different at p<0.05. Exp 1: sand-grown cutting, Exp 2: water-grown cutting, Exp 3: washed Sp245 cells and Exp 4:growth and nutrientuptake in 
potting mix. Hashed blocks indicate the solution(s) was not included in the relevant experiment. The lack of standard error in Exp 3 column 
indicates the measurement was not replicated. * IAA concentration of peat culture can not be expressed per 107 cells because the lack of viable 
cell number. # The IAA determination was measured only in Sp245 culture because starter culture for both Sp245 in culture and Sp245 
resuspended in MgSO4 solutions was taken from the same source. 
 
 
 
 
 
 
 
 
 
 
Immersion solutions 
IAA concentration (µg/107cfu) 
Exp 1 Exp 2 Exp 3 Exp 4 
Sp245grown without tryptophan 0.05 ± 0.01
b
 0.03 ± 0.01
b
  0.02 ± 0.00
b
 
Sp245grown with tryptophan 5.34 ± 0.48a 3.13 ± 0.36a 0.21 2.5 ± 0.34a 
Peat cultures of Sp245 * 3.04 ± 2.45a   
Commercial biofertilizer 0.09 ± 0.05
b
 0.04 ± 0.00
b
   
Sp245 with tryptophan in MgSO4   #  
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3.3.2 Relationship between initial number of viable bacterial cells and IAA production 
There was a positive relationship between initial number of viable cells (Sp245 or N2-fixing 
bacteria contained in commercial biofertilizer) and IAA production where 47% and 37%of the 
variability in IAA production was attributable to number of viable cells in the presence and 
absence of tryptophan, respectively (Fig. 3.2). This indicated that as the number of viable 
cells increased, the IAA production increased. However, there was no effect of tryptophan on 
the number of viable cells.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.3 Recovery of Sp245 and other N2-fixing bacteria from L. stoechas cuttings after 6 
hours treated with different immersion solutions 
After 6 hours immersion in various solutions, cuttings were ground in a mortar and pestle and 
the extracts were then used to inoculate semisolid Nfb media to estimate the number of N2-
fixing bacteria (including Sp245) attached to the cutting surface or absorbed by the cuttings 
through plant tissues. Nfb medium was used to distinguish N2-fixing bacteria from resident 
Fig.3.2 Relationship between initial number of viable cells contained in immersion solutions and 
IAA production in the presence and absence of tryptophan. The graph shows that IAA production 
increased in the presence of tryptophan despite the fact that the number of viable cells in both 
media was within similar range indicating that tryptophan addition did not affect the number of 
bacterial cells. The data were pooled from all experiments, except experiment 3 where cells of 
Sp245 were washed and IAA was lower. 
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bacteria present on the cuttings . N2-fixing bacteria were detected by formation of rising 
pellicles in semisolid Nfb.  
 
The numbers of viable cells recovered from cuttings are presented in Table 3.5. In general, 
there were no viable Sp245 detected on cuttings that had been treated with bacteria-free 
immersion solutions (water, 0.003% IAA, culture supernatants with the exception of 
experiment 1 and commercial rooting hormone) in each experiment.  
 
In experiment 1, the highest average recovery of cells from cuttings was observed after 
treatment with commercial biofertilizer with 8.45x106 MPN/g cutting fresh weight, followed 
by the Sp245 culture with tryptophan treatment with 1.47x106 MPN/g cutting fresh weight 
(Table 3.5). Viable Sp245 cells were also recovered from Sp245 supernatant with and without 
tryptophantreatments although they hadthe lowest cell numbers, 5.09x103 and 
2.16x103MPN/g cutting fresh weight respectively. The presence of Sp245 in cuttings treated 
with supernatant solutionswas due to cells remaining suspended after centrifugation. 
Supernatants were passed through a 0.22 µm filter to remove cells in subsequent 
experiments.   
 
In experiment 2, the number of cells recovered from cuttings ranged from 7.1x103 to 2.5x104 
MPN/g cutting fresh weight (Table 3.5). The number of bacterial cells recovered from cuttings 
did not differ significantly (P=0.111) between any of the bacterial treatments after 6 hours 
immersion. As expected, Sp245 cells were not detected in cuttings immersed in filter 
sterilized supernatants of Sp245 (with or without tryptophan).  
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Table 3.5The number of recovered Sp245 or N2-fixing bacteria viable cells from cuttings using MPN in Nfb media after 6 hours immersion in various 
solutions 
The values are means of three replicates. Values in brackets are log 10 transformations ± standard errors. The values in the same column with different lower 
case letters are significantly different at p<0.05. Exp 1: sand-grown cutting, Exp 2: water-grown cutting, Exp 3: washed cells of Sp245 and Exp 4: growth and 
nutrient uptake in potting mix. Hashed blocks indicate the treatment(s) was not included in the relevant experiment. Not detected means there were no 
bacterial growth observed in any dilution tubes of Nfb media. MPN= most probable number. 
 
Treatment  Viable cells recovery (MPN/g fresh weight of cuttings)  
 Exp 1 Exp 2 Exp 3 Exp 4 
Water Not detected Not detected Not detected Not detected 
0.003% IAA Not detected Not detected   
Commercial rooting hormone Not detected Not detected Not detected Not detected 
Supernatant of Sp245 grown without tryptophan 5.09x103 (3.71±1.24)bc Not detected  Not detected 
Supernatant of Sp245 grown with tryptophan 2.16x103 (3.34±0.13)cd Not detected  Not detected 
Culture of Sp245 grown without tryptophan 1.21x105 (5.08±0.12)
ab
 6.9x103 (3.84±0.46)
a
  1.2 x 107 (7.08±0.35)
a
 
Culture of Sp245grownwith tryptophan 1.47x106 (6.17±0.08)
ab
 4.7x103 (3.67±0.37)
a
 1.2 x 105 (5.11 ± 0.34)a 5.4 x 107 (7.73±0.30)
a
 
Peat culture of Sp245 Not detected 7.1x103 (3.85±1.43)a   
Commercial biofertilizer 8.45x106 (6.93±0.47)a 2.5x104 (4.40±0.13)a   
Sp245 with tryptophan resuspended in MgSO4 
 
 1.87 x 105 (5.27 ± 0.26)a  
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3.3.4 Adventitious root growth responses of L. stoechas cuttings to immersion of 
various solutions in sand (Experiment 1) 
The cuttings were harvested to evaluate root growth responses to various immersion 
solutions after 30 days growth in propagating sand. The adventitious root growth parameters 
included the percentage of cuttings that developed roots (root formation percentage), 
number of main roots per cutting and root length. Measurements were done using ten 
cuttings per treatment. 
 
The effect of the various immersion solutions on root formation of L. stoechas cuttings in 
sand media are presented in Fig 3.3. In general, there was a trend observed in adventitious 
root growth of L. stoechas cuttings grown in sand. Cuttings treated with commercial rooting 
hormone or Sp245 culture grown with tryptophan showed significantly better responses in 
the root growth parameters over other treatments. Although adventitious roots on cuttings 
dipped in commercial rooting hormone exhibited higher number of main roots and longer 
total root length than those in Sp245 culture with tryptophan, the differences were not 
significant at P<0.05. Comparison of treatments containing Sp245 indicated that the presence 
of both tryptophan and cells resulted in better root growth responses in L. stoechas cuttings.  
 
Root formation ranged from 30% to 100%. Cuttings treated with commercial rooting 
hormone (0.4% IBA) and Sp245 culture with tryptophan resulted in 100% formation (Fig 
3.3A). The next most successful root formation was observed in treatment 0.003% IAA, 
followed by supernatant of Sp245 with tryptophan, water, and commercial biofertilizer. The 
lowest rooting percentage was observed in Sp245 formulations without tryptophan (culture, 
supernatant and peat). 
 
The number of main roots ranged between 0.6 to 14roots/cutting (Fig 3.3B). Similar to root 
formation percentage, commercial rooting hormone and Sp245 grown with tryptophan 
stimulated a significantly higher number of main roots compared to Sp245 without 
tryptophan (P<0.05). Although water treatment induced a higher percentage root formation 
than Sp245 formulations without tryptophan, the number of main roots between those 
treatments did not vary significantly (<0.05).  
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L. stoechas cuttings treated with commercial rooting hormone exhibited the highest total 
root length per cutting with an average of 105.5 cm, followed by cuttings treated with Sp245 
culture with tryptophan with 77.7 cm (Fig 3.3C), but the difference between those two 
treatments was not significant (P=0.88). There was no significant difference in total root 
length observed in Sp245 formulations without tryptophan (culture, supernatant and peat), 
water, 0.003% IAA and commercial biofertilizer, even though the three latter treatments had 
higher percentage of root formation and number of main roots.  
 
When only cuttings that had formed roots were taken into account for total root length 
measurements, the average total length values of all treatments increase except for 
commercial plant rooting hormone and culture of Sp245 with tryptophan as those treatments 
stimulated root growth in all replicates. Root length of cuttings treated with water, 
supernatant (with and without tryptophan) and biofertilizer was higher than that of peat 
culture treated cuttings. The average root length of cuttings treated with Sp245 supernatant 
with tryptophan was similar to that of Sp245 and commercial plant rooting hormone 
indicating that while the supernatant did not consistently stimulate root formation, 
development of roots once formed was similar for all three treatments. 
 
Generally, all treatments resulted in similar visible appearances in adventitious roots. 
Differences in the abundance of L. stoechas adventitious roots in response to immersion 
solutions are illustrated in Fig 3.4. Cuttings treated with commercial plant rooting hormone 
and culture of Sp245 grown with tryptophan developed the most roots of all treatments, 
followed by supernatant of Sp245 with tryptophan and commercial biofertilizer. The lowest 
root mass was observed in cuttings treated with culture of Sp245 without tryptophan and 
peat culture of Sp245 at 30 days after planting. 
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Fig.3.3 The effect of various immersion solutions cutting of sand-grown L. stoechas cuttings 30 days after planting. A: Rooting percentage, B: Number of main root, C: 
Total root length, and D: Total root length per rooted cutting. The values are means of 10 replicates, except graph A which is total percentage of cutting that formed 
roots/10 cuttings. Error bars represent standard error of the mean. The lack of error bar in graph A because the values were not means, but total percentage. SN: 
supernatant of Sp245, C: culture of Sp245, PC: peat culture of Sp245, CB: commercial biofertilizer. With/without tryptophan (+/-). The superscripted letters indicate 
the values for treatments that are significantly different at P<0.05. Bars with no superscripted letter indicate there are no significant differences between treatments.  
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3.3.5 Root growth responses of L. stoechas cuttings to various immersion solutions in 
water medium (Experiment 2) 
In order to evaluate the responses of L. stoechas to various immersion solutions on 
adventitious root development, the following plant experiment was carried out in a water 
growth medium. By using this medium, the number of main roots was able to be observed 
over time without removing the cutting from the medium. Cuttings were treated with nine 
solutions listed in Table 3.1. Adventitious root development measurements included root 
formation percentage and numbers of main roots each week for 30 days and total root length 
at 30 days after planting using WinRhizo. There were 30 replicate cuttings per treatment and 
tubes for each treatment were placed in separate racks to reduce contamination. Racks were 
regularly rotated in the plant growth cabinet. 
 
 
Fig.3.4 The difference of root abundance and appearance of L. stoechas cuttings at 30 days after 
immersed with various solutions.SN: supernatant of Sp245, C: culture of Sp245, PC: peat culture of 
Sp245, CB: commercial biofertilizer. With/without tryptophan (+/-). 
 
 
 
2 cm 
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There was a variation in the number of main roots per cutting observed over 30 days. One 
week after immersion, only a few roots were detected in the cuttings treated with 
supernatant and culture of Sp245 with tryptophan with an average of 0.57 and 0.63 roots per 
cutting, respectively (Fig. 3.5). Cuttings treated with other treatments did not produce any 
adventitious root after one week. In the second week, L. stoechas cuttings treated with 
commercial rooting hormone and Sp245 culture without tryptophan started to develop roots. 
In the final week of growth (harvesting time), adventitious roots were found in all treatments 
except in cuttings treated with peat culture of Sp245. The highest number of adventitious 
roots was recorded on cuttings treated with commercial rooting hormone, producing 100 
times more adventitious roots than those resulted from water treated cuttings. There was a 
significant effect of various immersion solutions in number of main roots at P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
s 
 
 
 
The results in this experiment were similar to the result from experiment 1 where cuttings 
were grown in sand. Cuttings treated with commercial rooting hormone and Sp245 culture 
with tryptophan exhibited significant better root growth responses than other treatments. 
Fig.3.5 The effects of various immersion solutions on number of the main roots of L. stoechas 
cuttings. Data are presented as number of main roots per cutting. Each treatment included 30 
cuttings.SN: supernatant of Sp245, C: culture of Sp245, PC: peat culture of Sp245, CB: commercial 
biofertilizer. With/without tryptophan (+/-). *In each week, the value(s) of the treatment are 
statistically significant different from other treatment but no significantly different between each 
other. 
 
* * 
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* 
* 
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The effect of bacterial immersion solution on root growth of L. stoechas was more apparent 
compared to non-bacterial treatment, with the exception of Sp245 supernatant without 
tryptophan. However, cuttings treated with peat culture of Sp245 did not grow any 
adventitious root.  
 
Commercial rooting hormone and culture of Sp245 with tryptophan stimulated the highest 
percentage root formation with and total number of roots compared with other immersion 
solutions (Fig 3.6A and B). Cuttings treated with supernatant of Sp245 with tryptophan and 
Sp245 culture without tryptophan had a higher percentage of root development than 
cuttings treated in water and commercial biofertilizer treatment.  
 
Culture of Sp245 grown with tryptophan significantly increased total length of adventitious 
roots per cutting in water medium (Fig 3.6C and D). After 30 days, the longest roots were 
observed in L. stoechas cuttings treated withSp245 culture with tryptophan with 26.1 cm 
which was an average of 10 cm longer than commercial rooting hormone (16.6 cm) and three 
times longer than supernatant of Sp245 with tryptophan (8.23).Roots lengths were slightly 
higher when calculated per rooted cutting, however, the same general relationship between 
treatments was observed. There was a significant difference in total root length of cuttings 
treated with commercial rooting hormone and Sp245 culture with tryptophan compared to 
other treatments (P<0.05). The significant difference in total root length between cuttings 
treated with Sp245 culture grown with tryptophan and supernatant (P<0.05) indicates the 
important role of Sp245 cells in stimulating root growth than IAA alone.  
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Fig.3.6 The effect of various immersion solutions cutting of water-grown L. stoechas cuttings 30 days after planting. A: Root formation, B: Number of main root, C: 
Total root length, and D: Total root length per rooted cutting. The values are means of 10 replicates, except graph A which is total percentage of cutting that 
formed roots/10 cuttings. Error bars represent standard error of the mean. The lack of error bar in graph A because the values were not means, but total 
percentage. Column without error bars in graph D indicates number of rooted cutting was <2. SN: Supernatant of Sp245, C: culture of Sp245, PC: peat culture of 
Sp245, CB: commercial biofertilizer. With/without tryptophan (+/-).The superscripted letters indicate the values for treatments that are significantly different at 
P<0.05. Bars with no superscripted letter indicate there are no significant differences between treatments 
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The most pronounced visible effect on adventitious root development in this experiment was 
observed after comparison of cuttings treated with Sp245 cultures grown with tryptophan 
and commercial rooting hormone (Fig. 3.7). Commercial rooting hormone treated cuttings 
produced more roots than the cuttings treated with Sp245 culture. However, roots 
developed from Sp245 culture with tryptophan were longer and more branched than roots 
from commercial rooting hormone treatment. 
 
The difference in appearance of adventitious roots of L. stoechas between the different 
immersion solutions treatment were likely more pronounced due to difference in the levels 
of auxin contained in the immersion solutions. High levels of auxin, such as those in 
commercial rooting hormone (0.4% IBA), promoted more roots while lower auxin 
concentrations resulted in fewer but longer adventitious roots. In addition, hormone levels 
would be further diluted in the water-based plant-growth system. There was no difference in 
the shoots of cuttings during the 30 day growth incubation. 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.7 The differences of adventitious root morphology and appearance of L. stoechas cuttings at 30 
days were most obvious when observed between commercial rooting hormone and Sp245 culture with 
tryptophan treatments. Commercial rooting hormone treatment stimulated high number of but short 
main roots whereas Sp245 culture with tryptophan cuttings developed less number of but long and 
more branched roots. 
2 cm 
Commercial rooting hormone  
Sp245 culture with tryptophan  
2 cm 
 c  
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3.3.6 Relationship between IAA concentration in immersion solutions and root 
growth parameters in different media 
There was a positive relationship between IAA concentration in immersion solution and root 
growth parameters of L. stoechas cuttings (Figs 3.8, 3.9 and 3.10). In general, root 
development was better when cuttings were grown in sand than in water. Growth 
parameters increased with increased IAA concentration in both growth media. In sand 
medium, IAA concentration could explain 62% of the variation in root formation,81% of the 
variation in the number of main roots and 79% of variation in root length. In comparison, IAA 
concentration accounted for 79% of variation in root formation, 58% of variation in number 
of roots and 64% of root length in water. This indicates that treatment with IAA consistently 
affects root formation and subsequent growth of roots (number and length) is affected by 
plant growth medium. Propagation of cuttings in water may reduce root growth responses to 
IAA compared with sand because of dilution.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.8 The relationship of IAA concentration contained in immersion solutions and root formation 
of L. stoechas cuttings in different growth media. IBA treatment was not included because the high 
difference between IBA and other IAA concentrations. 
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Fig.3.10 The relationship of IAA concentration contained in immersion solutions and root length of 
L. stoechas cuttings in different growth media. IBA treatment was not included because the high 
difference between IBA and other IAA concentrations. 
 
 
Fig.3.9 The relationship of IAA concentration contained in immersion solutions and number of main 
roots of L. stoechas cuttings in different growth media. IBA treatment was not included because the 
high difference between IBA and other IAA concentrations. 
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3.3.7 Relationship between number of recovered cells from cuttings and root growth 
responses of L. stoechas cuttings in different media 
The relationship between number of viable cells recovered from cuttings after 6 hours 
immersion and root growth parameters are presented in Figs 3.11, 3.12 and 3.12. Generally, 
root responses in sand-grown cutting was more related to cell recovery number than water-
grown cutting. However the relationship was weak indicated with low values of R2.Recovered 
cells accounted for only 19, 17 and 15% of the variability in root formation, number of main 
roots and total root length of L. stoechas cuttings, respectively. These results indicate that 
the extent of initial colonisation of cuttings had little effect on subsequent root growth 
responses. These analyses include cells grown with and without tryptophan and as IAA 
production has a strong effect on root growth, the relationship between colonisation and 
root growth responses may be confounded by low IAA production in some treatments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.11 The relationship of number of viable cells (Sp245 or N2-fixing bacteria) recovered from 
cuttings and root formation in different growth media. The data were pooled from bacterial 
immersion treatments including supernatant of Sp245 with or without tryptophan 
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Fig.3.12 The relationship of number of viable cells (Sp245 or N2-fixing bacteria) recovered from 
cuttings and number of main roots in different growth media. The data were pooled from 
bacterial immersion treatments including supernatant of Sp245 with or without tryptophan 
 
Fig.3.13 The relationship of number of viable cells (Sp245 or N2-fixing bacteria) recovered from 
cuttings and root length in different growth media. The data were pooled from bacterial 
immersion treatments including supernatant of Sp245 with or without tryptophan 
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3.3.8 The effects of Sp245 cells on root growth parameters of L. stoechas cuttings 
(Experiment 3) 
In previous experiments, treatment of cuttings with Sp245 cells grown with tryptophan 
stimulated root development to commercial rooting hormone. It was also established that 
the presence of viable cells as well as IAA was important to promote maximum adventitious 
root growth of L. stoechas cuttings. Therefore, to further investigate the effect of Sp245 cells 
in L. stoechas propagation, cuttings were treated with a solution prepared by centrifuging 
cultures of Sp245 grown with tryptophan, washing and resuspending in MgSO4. After 30 days 
of growth, cuttings were gently removed from sand and adventitious root growth including 
root formation percentage, no of main roots and root length were measured.  
 
In all the immersion solutions used, only cuttings treated with commercial rooting hormone 
formed adventitious roots after 30 days of growth (Fig 3.14).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Although cuttings immersed in water and MgSO4 did not grow any adventitious roots, the 
shoots showed a similar appearance to shoots of commercial rooting hormone-treated 
Fig.3.14 L. stoechas cuttings after 30 days of growth. Only cuttings treated with commercial 
rooting hormone formed adventitious roots, while the other treatments did not grow any roots. 
Cuttings treated with DF medium are not shown because none of the replicates survived. 
C+: Sp245 culture grown with tryptophan 
2 cm 
C+ 
0.4% IBA 
water 
Sp245 in MgSO4 
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cuttings. All cuttings treated with DF medium were colonized by fungi as early as first week of 
growth (7 days after inoculation) and did not survive. Similar colonization by fungi conditions 
were also observed in some cuttings immersed in the Sp245 treatment at the third week of 
growth. The lack of adventitious root from cuttings treated with Sp245 culture grown with 
tryptophan or resuspended in MgSO4 may have been because the very low IAA concentration 
in cultures produced for this experiment. Despite the lack of response in this experiment, the 
data are presented to highlight the importance of IAA production in cultures and that cell 
number and colonisation by IAA producing strains are not in themselves adequate to produce 
a plant growth promoting effect. 
 
Adventitious root growth parameters measured in the commercial rooting hormone-treated 
cuttings were 49% lower (average of 7.1) than sand-grown cuttings that received the same 
treatment in the previous experiment. The total length of cuttings was an average of 6.37 cm, 
93% shorter than root length developed after the same treatment in cuttings previously 
grown in sand (see Fig 3.3).This variation in plant-growth response may have been due to 
several factors including changes to growth conditions (e.g., temperature, light or a different 
source of sand) as well as genetic variation in the plant material from which cuttings were 
obtained.  
 
3.3.9 The effects of various immersion solutions on the N status of L. stoechas shoots 
(Experiment 4) 
The final experiment was conducted to determine the growth and N uptake of L. stoechas 
shoots after transfer of treated cuttings from sand to potting mix. Cuttings were treated with 
a selection the previously described immersion solutions including were water, commercial 
rooting hormone, supernatant of Sp245 with and without tryptophan and culture of Sp245 
with and without tryptophan. Peat culture of Sp245 and commercial biofertilizer were not 
included in this experiment as their effects on root development were less significant than 
broth cultures of Sp245 grown with tryptophan. Sand-grown cuttings were transferred to 
potting mix after 30 days to investigate the survival of cuttings that had developed roots and 
N uptake. The cuttings were harvested after 30 days of growth in potting mix, the shoots 
were dried and ground for determination of the N content.  
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Fig 3.15 shows differences in the root abundance and appearance of the adventitious roots 
due to treatments before transfer to potting mix. Similar root morphology to previous sand-
grown cutting was observed (see Fig 3.4). Commercial rooting hormone-treated cuttings had 
the most abundant roots, followed by supernatant and culture of Sp245 grown with 
tryptophan. The lowest root growth resulted from the water treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After 30 days further growth in potting mix, the shoots of water treated cuttings were dry 
whereas cuttings from other treatments displayed better vigour and survival after 30 days of 
growth in potting mix (Fig 3.16). Cuttings treated with commercial rooting hormone had the 
healthiest overall appearance. Cuttings treated with Sp245 cultures and supernatant 
containing tryptophan was similar in appearance and cuttings treated with supernatant from 
cultures without tryptophan were the least healthy. 
 
 
 
 
 
Fig.3.15 Adventitious root growth morphology of 30 day old sand grown L. stoechas cuttings before 
transfer to potting mix medium. SN: Supernatant of Sp245, C: culture of Sp245. With/without 
tryptophan (+ /-). 
 
 
water 
0.4% IBA SN- SN+ C- C+ 2 cm 
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Of all the treatments, cuttings dipped in commercial rooting hormone had the highest N, 
however, there was no significant effect due to the of various immersion solutions on the N 
content of the shoot of L stoechas cuttings (P=0.924). The quantity of dried shoot material 
was too low to obtain detectable N values (Table 3.14). 
 
Table 3.6 Dry weight and N content of shoot tissue of L.stoechas cutting 
Treatments Dry weight (g) N content in shoot tissue of cutting (%) 
water 0.06 ± 0.01 0.19 ± 0.05 
0.4% IBA 0.11 ± 0.01 0.28 ± 0.002 
SN- 0.06 ± 0.01 0.020 ± 0.19 
SN+ 0.07 ± 0.02 Below limit of detection 
C- 0.06 ± 0.02 Below limit of detection 
C+ 0.06 ± 0.00 0.01 ± 0.2 
The values are means of five replicates ± standard errors for dry weight and three replicates for N 
content measurement. Due to the low quantity of dried root, all five replicates were pooled and 
divided to three samples for subsequent N content measurement. The differences on dry weight 
and N content of shoot tissue were not significant at P<0.05. SN: Supernatant of Sp245, C: culture 
of Sp245. With/without tryptophan (-/+). 
 
 
 
Fig.3.16 L. stoechas cuttings at 30 days after transfer to potting mix medium. SN: Supernatant of 
Sp245, C: culture of Sp245. With/without tryptophan (+/-). 
 
0.4% IBA water SN- 
SN+ C- C+ 
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3.4 Discussion 
3.4.1 Immersion solution properties and viable bacterial recovered from cuttings 
As was observed in the initial experiments reported in Chapter 2, there was no significant 
effect of the presence of tryptophan on the number of viable Sp245 cells contained in the 
immersion solutions applied to L. stoechas cuttings in different growth media. Tryptophan 
addition to Sp245 culture significantly increased IAA production up to more than 100 times 
compared to Sp245 grown without tryptophan. Although N2-fixing bacteria contained in the 
commercial biofertilizer (Twin N) produced more IAA than Sp245 grown without tryptophan, 
the production was still far lower than Sp245 cells grown with tryptophan. There was an 
indication of positive relationship between number of initial cells (Sp245 or N2-fixing bacteria) 
and the production of IAA. However, the correlation was less than 50%. Increased number of 
viable cells will likely to stimulate higher the IAA production both in the presence and 
absence of tryptophan. A study on the relationship between Sp245 cell number and IAA 
production also showed that increasing cell numbers resulted in higher levels of IAA 
production without tryptophan addition (Dobbelaere et al., 1999). 
 
Similar results were obtained in the MPN analysis of bacteria recovered from cuttings grown 
in different media. Bacterial cells were only recovered from cuttings treated with immersion 
solutions that containedbacterial cells. The only exception was observed in experiment 1 
where low numbers of viable cells were recovered from the unfiltered supernatant of Sp245 
cultures. This may have been due to incomplete cell pelleting during centrifugation of the 
culture and therefore some cells were still present in the supernatant. Additional filtering of 
Sp245 supernatants proved to be effective in removing Sp245 cells as there was no Sp245 
cells recovered from cuttings in experiment 2. Inclusion of the Sp245 supernatant treatment 
was intended to differentiate the plant growth promoting effect of cells and cells extract. 
Furthermore, the presence and absence of tryptophan treatments was included to 
investigate the importance of bacterially produced IAA in the immersion solution or whether 
root growth can be promoted by IAA produced by the PGPR in situ. These results indicate 
that it is more important to have both IAA and IAA-producing cells in the immersion solution 
than to rely on IAA production by cells colonising the plant tissue.  
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3.4.2 Effects of A. brasilense 245 on adventitious root stimulation of L. stoechas 
cuttings. 
Both active cultures and cell-free extracts of Sp245 grown with tryptophan consistently 
increased the percentage of root formation of L. stoechas cuttings grown in sand and water 
when compared with the water control. This indicates that root development was highly 
dependent on the level of IAA in the treatment solution. However, the effect was not 
significant when compared to the commercial rooting hormone 0.4% IBA. Bona et al. (2010) 
reported that Lavandula cuttings have poor rooting capability, but high levels of IBA will 
increase the rate of French lavender (Lavandula dentata) cuttings to stimulate adventitious 
root growth. The authors applied a range of commercial IBA solution concentration (0-0.3%) 
and found that increased levels of IBA enhanced the success of Lavandula rooting. In this 
study root development was strongly related to IAA concentration. 
 
As well as increasing the percentage of cuttings that developed roots, treatment with the 
PGPR also significantly stimulated the number and total length of adventitious roots. 
Although the effects were not significant compared to the IBA treatment, there was a trend 
in increasing the number and total length of L. stoechas adventitious roots in response to the 
PGPR inoculation over the water control. Treatment of cuttings with commercial rooting 
hormone stimulated highest number of main roots per cutting than other treatments. The 
commercial rooting hormone concentration used in this study (0.4% or 4000 ppm IBA) was 
58-fold higher and more than 1000-fold higher than the amount of IAA produced by Sp245 
grown with and without tryptophan, respectively. The number of main roots is likely to 
increase when high levels of auxin are applied to L. stoechas cuttings. This is supported by the 
result of a study on promoting effects of A. brasilense Cd1843 in carnation rooting (Li et al., 
2005). The authors reported an increased number of adventitious roots when cuttings were 
dipped or immersed in high levels of IBA or IAA.  
 
In contrast, Lavandula dentata cuttings treated with IBA levels higher than 0.2% showed a 
decrease in the number of adventitious roots, indicating a root growth inhibition effect (Bona 
et al., 2010). This suggests that Lavandula species and other ornamental species may differ in 
their sensitivity to IBA or IAA concentration. 
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Sp245 grown with tryptophan induced rooting and increased the number of roots per cutting 
as early as 7 days after planting in water grown cuttings. The Sp245 culture developed more 
roots than the other treatments throughout the following weeks although cuttings treated 
with commercial rooting hormone produced the largest number of adventitious rootsafter 
four weeks.  
 
Generally, growing cuttings in water after treatment with IAA-producing Sp245 cultures 
affected root length with longer total roots per cutting than the commercial rooting hormone 
treatment. Li et al. (2005) reported that carnation cuttings treated with A. brasilense Cd1843 
stimulated total root length 2.5 times more than 0.1% commercial IBA treatment after 24 
days, even though the synthetic hormone treatment produced 20% more roots than the 
bacterial inoculation. The authors suggested that producing longer roots in a shorter time 
was beneficial for commercial production. On the other hand, whether a longer root is a 
desirable trait for root quality is debatable. Bona et al. (2010) argued that shorter, more 
robust and better distributed roots around the cutting stem are considered as good quality 
root characteristics since longer roots tend to break during planting and are prone to 
infections. 
 
While increasing IAA concentration increased root growth parameters in experiments 
reported here, high concentrations of auxin may also inhibit root length. A study on bacterial 
IAA effects on wheat seed roots by Dobbelaere et al. (1999) observed root length inhibition 
by high levels of auxin. Wheat seeds treated with increasing levels of synthetic IAA showed 
strong root length inhibition and the effect was similar to the effect of increasing cfu/mL of A. 
brasilenseSp245. The root length inhibition was considered as a result of ethylene production 
from high concentration auxin (IAA/IBA) metabolism (Mayak et al., 1999; Glick, 2005). The 
IBA concentration used in this study did not seem to inhibit adventitious root length in L. 
stoechas cuttings because root growth of cuttings treated with Sp245 culture generally did 
not different significantly to IBA treated cuttings in sand medium. Furthermore, a longer total 
root length in Sp245 culture inoculated cuttings with tryptophan compared to IBA treatment, 
when grown in water, was likely in response to different plant growth conditions. 
 
Although published studies on application of PGPR in ornamental plant propagation are 
mostly conducted using young seedlings and seed, there are other studies on different crops 
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confirming findings reported in this study that IAA-producing PGPR could potentially be 
applied as root growth promoters in cutting propagation. In fruit crops, kiwi hardwood stem 
cuttings generated significantly better root quality, compared to water treatment that 
resulted in 0% rooting, when immersed in several rhizobacteria such as Bacillus spp. (Erturk 
et al., 2010). This study also indicated that among the isolates used, high IAA concentration 
producers were more effective in inducing kiwi root formation even though IBA treatment 
(0.4%) had the highest results. Karakurt (2009) found a different result by using a 
combination of immersion solutions. The author demonstrated that serial immersion of 
PGPR, IBA and carbohydrate accelerated rooting of hardwood cuttings of apple rootstock 
better than control or each substance alone.  
 
The use of PGPR in cutting propagation was also studied in clonal production for forestry 
plants such as eucalyptus (Diaz et al., 2009). The study showed that direct application of 
rhizobacteria, isolated from eucalyptus rhizosphere, to growth substrate of low rooting 
percentage Eucalyptus globules not only significantly increased rooting percentage up to 69% 
more than the control but also increased root biomass and stimulated fine root hair. In 
vegetable crops Kaymak et al. (2008) used several known strains of IAA-producing PGPR on 
three different lengths of semi hardwood mint cuttings and found positive significant 
interactions between cutting length and bacterial strains in terms of rooting percentage, root 
length and dry root weight. These results indicated the effects of PGPR tested varied 
considerably within a plant. 
 
All the above studies proposed that, despite other parameters that could have been 
responsible for the improvement of the root growth, auxin production by the PGPR was the 
major reason for the root growth promotion. This was supported by the fact that, with the 
exception of Diaz et al. (2009), all isolates used in those experiments were tested for their 
ability of IAA production before being applied to the cuttings, or have already been reported 
to synthesize IAA. This current study is in agreement with this conclusion because L. stoechas 
cuttings treated with Sp245 culture showed improved root formation compared to the 
control and this was supported by the positive relationship between IAA concentration 
contained in immersion solution sand root growth parameters of L. stoechas cuttings in both 
growth mediums. 
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In addition, although the recovery number of viable bacterial cells number in commercial 
biofertilizer was higher than in Sp245 cultures, better responses were found after treating 
cuttings with Sp245 culture grown with tryptophan. Clearly, it is not only the number of 
viable cells applied to plants but the stimulation of IAA by cells that is important for improved 
adventitious root growth. 
 
3.4.3 The effects of different formulations of Sp245 compared to commercially 
available inoculant formulation 
In both cuttings grown in sand and water, treatment using Sp245 with tryptophan resulted in 
better root growth responses compared to cell-free extract of the same culture. This 
indicates that IAA concentration alone was not as effective as a combination of IAA and IAA-
producing cells. It may be that the cells continue to produce IAA after colonisation of plant to 
further stimulate root formation.  
 
The potential of Sp245 cells to promote root development was measured by treating cuttings 
with cells that had been resuspended in MgSO4, after growth with tryptophan. However, this 
formulation was ineffective due to the low level of IAA in the culture which 83% lower than 
the concentration obtained in the previous two experiments. Root development after 
treatment with commercial rooting hormone (0.4% IBA) was also reduced in this experiment 
compared with the previous two experiments. Therefore responses to application of 
hormone may also have been affected by growth conditions or variation in plant material.  
 
Peat culture of Sp245 was included in the study as it is currently the most common 
commercially available inoculant formulation. Peat-based formulations are a common 
technology used in the microbial inoculant industry. Legume seed inoculation with peat 
culture of rhizobia to stimulate nodulation and thus enhance N input to plants has been 
extensively exploited and rhizobial inoculums (Wakelin and Ryder, 2004). However, 
treatment of cuttings with Sp245 grown in peat culture resulted in poor root development. 
This might be a result of the low levels of IAA contained in the immersion solutions as also 
observed in commercial biofertilizer TwinN, 0.003% IAA and Sp245 grown without 
tryptophan that had poor root growth parameters.  
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3.4.4 Effects of different medium on adventitious root morphology of Sp245 treated 
cuttings 
Cuttings treated with commercial rooting hormone had similar root morphology regardless 
where they were grown in sand or water. In contrast, the root morphology of L. stoechas 
cuttings treated with IAA-producing Sp245 cultures varied according to plant growth 
conditions. More abundant adventitious roots were observed in sand-grown cuttings than 
water-grown cuttings. Water grown cuttings had a lower number of roots but with more 
branching than sand-grown cuttings. It is possible that these differences were because of 
differences in colonisation pattern of cuttings in water and sand. In water, colonisation would 
be restricted to the cutting root surface whereas in sand, Sp245 would colonize both the 
cutting and surrounding sand. This is supported by the better relationship between IAA 
production by Sp245 and root growth of L. stoechas cuttings grown in sand compared with 
water  
 
Propagating sand medium was used in this study to imitate real conditions in plant nursery 
practices because most growers use this medium to grow ornamental cuttings. The major 
difference in this study was that the sand was autoclaved prior to use in order to remove any 
microorganisms that may present. The use of a water medium was intended to improve root 
growth observations during the 30 day growth period and was assumed it would have been 
representative of what was occurring in to the sand grown cuttings. The use of the water 
medium enabled adventitious root growth observations without damaging newly grown 
adventitious roots, however the limitation of using this medium was removal of the 
rhizosphere.  
 
3.4.5 The effects of Sp245 on N uptake of L. stoechas cuttings 
When cuttings were grown for 30 days in potting mix, cuttings treated with water were dry to 
lack of adventitious root formation during propagation in sand and thus limited water uptake. 
Other treatments, especially commercial rooting hormone, resulted in green shoots and 
strong vigour.  
 
However, the N content of L. stoechas cuttings grown in potting mix was not affected by the 
different immersion solutions including Sp245. The N content in leaves of all treatments was 
not significantly different to the control even though there were apparent differences in 
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cutting growth between control and other treatments. Contrarily, immersion of black pepper 
cuttings in IAA producing-Serratia nematodiphila NII-0928 bacterial suspension for 30 
minutes showed higher absorption of nutrients, including N, P and K, over water treatment. 
An enhanced root system may responsible for this better nutrient uptake (Dastager et al., 
2011) 
 
3.5 Conclusion 
The effects of Sp245 on adventitious root growth of L. stoechas cuttings were more 
pronounced in water medium when total root length was compared to commercial rooting 
hormone. However, in general, root development of cuttings treated with Sp245 cultures was 
not significantly different compared to cuttings treated with commercial rooting hormone. 
There was a general increase in root formation, number of main roots and total length of 
adventitious root over the water control in both sand and water medium in response to 
Sp245 cultures grown with tryptophan treatment. The increase of root growth parameters 
positively correlated to increasing IAA concentration in immersion solutions. The plant 
growth media contributed to differences in L. stoechas adventitious root morphology 
particularly when cuttings were treated with Sp245 culture. There was no effect of Sp245 
treatment on the N uptake by propagated cuttings. The presence of high levels of IAA, 
together with Sp245 cells in the immersion solution is essential to obtain maximum effects of 
PGPR inoculation on adventitious root growth of L. stoechas cuttings. Current commercially 
available inoculants technology including peat and freeze-dried microorganisms are not likely 
to be effective as stimulators of root growth of L. stoechas cuttings because of low IAA 
production in these formulations, therefore new formulations of Sp245 need to be developed 
that stimulate IAA production as well as satisfy other criteria essential for efficacy of 
microbial inoculants. 
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CHAPTER 4 GENERAL DISCUSSIONS AND CONCLUSION 
 
 
This project aimed to experimentally evaluate the effectiveness of PGPR as plant growth 
regulators in ornamental plant propagation and determine if PGPR can substitute synthetic 
inputs in nursery-based production thereby reducing costs. The commercial practicalities of 
inoculation with PGPR were also considered by determining the efficacy of different 
inoculants formulations. 
 
4.1 Discussion  
4.1.1 Selecting the most effective PGPR and plant host combination 
In the preliminary study, any effects of PGPR inoculation in pansy seedlings grown in potting 
mix were not observable when compared to the control treatment. It is likely that 
colonisation of the plant roots by the inoculant PGPR was limited by competition from 
resident microorganisms in the potting mix. Early inoculation, during plant propagation, 
when roots are not developed may improve the probability of PGPR survival and then the 
beneficial effects of the PGPR can be exerted on plants. In this regard, the use of cuttings was 
effective for the study microbial plant growth promotion as the resident microbial diversity 
was reduced. 
 
In general, selection of the most compatible PGPR-host plant combination was done to 
ensure optimum growth promoting effects. Determination of maximum potential IAA 
production by PGPR strains allowed identification of A. brasilense Sp245 as the most 
promising candidate inoculant strain. This approach was appropriate for inoculant strain 
selection because most ornamental plant propagation methods incorporate rooting 
hormones (e.g., IBA) to induce adventitious root formation and produce improved root 
systems. Established root systems support absorption of water and nutrients from growth 
medium by young seedlings to larger growth systems. 
 
Bacterial IAA production in this project was determined during three days incubation and the 
maximum production was by Sp245 at day 3 when grown in the presence of tryptophan. At 
the same day the maximum number of the viable cells was also observed and analysis 
indicated that the concentration of IAA synthesized was positively correlated to the number 
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of viable cells. This relationship held when cells were grown with or without tryptophan, 
however tryptophan was required for IAA production. Similar results were found in a study 
on the effect of IAA produced by Sp245 on wheat root morphology (Dobbelaere et al., 1999). 
The authors reported similar effects on wheat root morphology after inoculation with 
increasing numbers of Sp245 cells grown without tryptophan compared with increasing 
concentration of synthetic IAA, indicating that IAA production increased with higher numbers 
of viable Sp245cells. A mathematical model of IAA production by Sp245 based on controlled 
bioreactor trials has been proposed by Smets et al. (2004) to provide basic knowledge for 
future studies in elucidating the role of IAA synthesis in PGPR mechanisms. The prototype 
model demonstrated that there was no effect of pH on growth or IAA production by Sp245 
but it was not clear whether IAA production by Sp245 was affected by the decreasing amount 
of malate as it is consumed or whether the production would stop when tryptophan was 
depleted. In the experiments described in this project, the effect of different growth 
substrates and concentrations of tryptophan was not investigated. It may be useful in future 
studies, to consider the effect of different growth media and tryptophan concentrations to 
increase both cell number and IAA production. 
 
The need to select the most responsive ornamental plant host for optimum benefits from 
PGPR inoculation was based on development of adventitious roots from cuttings. L. stoechas 
cuttings demonstrated the best response to Sp245 inoculation and synthetic IAA but showed 
no root growth response to control treatments, indicating that the concentration of IAA 
produced by Sp245 has met the plant requirement to grow roots. Whereas the other 
ornamentals, Argyranthemum sp. already displayed adequate stimulation for root growth 
and Osteospermum sp. showed a poor response to all treatments. These results indicate 
plant specificity in their interactions with microbes and different sensitivities of ornamental 
species to IAA. Furthermore, through selecting the most responsive combination of PGPR and 
plant host, understanding conditions for optimizing the interaction may be more easily 
investigated. However, screening of a wider range of ornamental plants may be needed to 
obtain a better evaluation of the specificity of promoting effects by Sp245. Selection of the 
most effective PGPR-host plant was also investigated by Köse (2005). The author separately 
immersed four combinations of rootstock-scion grafting union of grape into three different 
auxin-producing PGPR strains. The results showed that successful rate of graft unions may be 
related to synthesized auxin by the PGPR tested. Some combinations of PGPR-grafting unions 
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demonstrated higher success rates of union and callus formation at graft union than the 
others, indicating the differences of successful grafting in each combination may be explained 
by variation in colonization and the different responses to auxin production of the PGPR. 
Unfortunately, quantification of synthesized-IAA by the PGPR was not performed. In another 
study, evaluation of the PGP effects of five strains of fluorescent Pseudomonads on three 
different ornamental plant seedlings under contaminant-free conditions found that the 
specific interaction between each PGPR tested and host-plant was significant. The study also 
suggested that the compatibility may relate to the unique composition of rhizosphere 
exudates of a plant that affect bacterial colonization and stimulate the subsequent plant 
growth promotional traits (Gore and Altin, 2006). 
 
Inoculation methods by immersing the cuttings in different solutions for six hours proved 
effective in introducing Sp245 to cuttings. This was concluded by the number of viable Sp245 
cells recovered from the cuttings after six hours incubation and the effects observed after 30 
days growth. The effect of different incubation times on the recovered cell number and root 
formation in cuttings should be investigated to determine if plant responses could be further 
enhanced. Previous studies have employed various length of time of plant cuttings exposure 
to PGPR liquid inoculums on improving adventitious root growth of the host plant. For 
example, plant growth responses were found after 30 minutes immersion for kiwi fruit 
(Erturk et al., 2010), 45 minutes for mint (Kaymak et al., 2008), 6 hours for kidney bean 
(Tsavkelova et al., 2007a) and 24 hours (Li et al., 2005) for carnation. Determining a minimum 
length of exposure time will potentially improve feasibility of applying inoculants commercial 
propagation by reducing the time required for treatment. In comparison treating cuttings 
with commercial rooting hormone only needs 2-5 seconds. Alternatively, inoculation may 
also be done by pippeting the inoculants onto base of the cutting, however, effectiveness of 
this method depend in the nature of plant growth substrate. 
 
4.1.2 The effect of Sp245 on adventitious root growth of L. stoechas cuttings 
Immersion of L. stoechas cuttings in Sp245 cultures grown with tryptophan induced 
adventitious root growth during 30 days of growth. The root growth stimulation effects were 
better than other treatments and comparable to commercial rooting hormone in water and 
propagating sand growth media. However, different plant-growth media induced root 
variation in root morphology of cuttings. These differences were possibly because of limited 
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surface area for colonization by Sp245 in water. When grown in water medium, Sp245 could 
only colonize the cutting surface while in sand Sp245 could colonize both cuttings and the 
surrounding sand, therefore, in sand Sp245 might have had more opportunities to survive, 
proliferate and produce IAA in close proximity to the plant. If this was the case, then it would 
be expected that IAA production in sand medium was higher than in water medium. 
Information on the concentration of IAA surrounding the roots in both media would be useful 
to validate this hypothesis. IAA has been measured in sand previously by diluting sand in 
phosphate buffer, adding tryptophan and filtering. IAA content in the filtrate was determined 
colorimetrically using Salkowski’s reagent and further confirmed by HPLC-UV analysis (Sarwar 
et al., 1992; Khalid et al., 2004b).  
 
Determination of PGPR-synthesized-IAA involvement in host plant root growth stimulation 
has been studied using IAA-deficient mutants by Patten and Glick (2002). The study showed 
mung bean cuttings that had been inoculated with the mutant stimulated fewer roots 
compared to the wild type-inoculated cutting that grew abundant adventitious roots 
suggesting that bacterial IAA is a major reason for enhanced host root growth. Given that 
positive relationship between IAA concentration contained in immersion solutions and L. 
stoechas root growth parameters was observed in this study, IAA production is also the likely 
mechanism of action used by Sp245 to stimulate adventitious root growth of L. stoechas 
cuttings. The mechanism was confirmed in sand medium where cuttings treated with Sp245 
cells and tryptophan generated comparable root growth parameters to IBA treatments and 
were significantly better than the water treatment. 
 
Further observations of L. stoechas root growth showed Sp245 cell culture treatments 
generated a more consistent root growth promotion compared to cell-free supernatants of 
Sp245 treated cuttings, in the presence of tryptophan, indicating enhanced root growth 
parameters are not only attributed by IAA in the supernatant but may also be related to 
continuous secretion of IAA by Sp245 after colonisation. This was supported by other studies 
that applied PGPR cells resuspended in distilled water as a growth medium for plant cuttings 
(Mayak et al., 1999, Patten and Glick, 2002,) The PGPR cells were harvested after incubation 
in minimal medium for 48 hours, then washed with distilled water and pelleted before 
resuspension. The pelleting and washing process ensured there were no traces of IAA 
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production, therefore any cutting responses to the treatment was solely due to secretion of 
secondary metabolites or colonization of the cells. 
 
Another possible mechanism of PGPR in stimulating root formation is that the PGPR 
stimulates cuttings to produce IAA themselves after inoculation (Erturk et al. 2010). Analysing 
IAA levels in cuttings during experiment may provide us with a deeper understanding of the 
PGPR mechanism related to IAA production in cutting propagation. However, IAA production 
may not be the single mechanism of Sp245 in improving root establishment and subsequent 
root growth on L. stoechas cuttings because bacterial plant growth promotion is complex and 
involves more than a single growth-promoting traits the associated bacterium (cited in 
Dastager et al., 2011). 
 
However, IAA-based mechanisms may be inconsistent as IAA is a plant hormone that acts in a 
concentration-dependent manner and may acts as an accelerator or decelerator of plant 
growth (Tanimoto, 2005). Low IAA concentrations or numbers of Sp245 have been reported 
to induce longer roots in wheat seeds, while higher numbers of roots were observed after 
treatment with high IAA concentrations or cell numbers (Dobbelaere et al., 1999). These 
contradicting effects have been considered as a result of ethylene production from IAA 
metabolism by plants. Ethylene can inhibit root length triggered by environmental stress 
conditions including high concentrations of IAA. Plant-growth promotion through the 
reduction of ethylene has been demonstrated after inoculation of plants with bacteria 
capable of synthesising ACC deaminase. This enzyme hydrolyses ACC, which is the precursor 
to ethylene production in plants, effectively reducing of root elongation. Further work to 
investigate threshold concentrations of IAA that inhibit root length and also the use of PGPR 
strains that are able to produce IAA as well as ACC deaminase may improve root growth 
stimulation in cutting propagation (Patten and Glick, 2002; Li et al., 2005).  
 
Nutrient-use efficiency may improve in plants where root growth has been promoted and 
surface area for nutrient uptake increased. In this study, the effect of Sp245 on N uptake 
could not be detected. Effects on nutrient use efficiency may be more apparent after longer 
growing periods of cuttings in potting mix. Improvements in nutrient uptake were detected 
after 60 days growth (30 days longer than this study) after inoculation of black pepper 
cuttings with Serratia sp. (Dastager et al., 2011). The author suggested an enhanced root 
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system attributed to multiple growth promotional effects by the PGPR may explain the 
increased nutrient uptake. 
 
Molecular analysis such as proteomics may be applied to further investigate the mechanism 
used by Sp245 to promote root growth in L. stoechas cuttings. Some preliminary 
investigations on protein analysis of adventitious roots from Sp245 treatments were 
attempted in this project, however limited adventitious root material harvested from cuttings 
were not sufficient to optimize protein analysis. The effectiveness of plant growth promotion 
by rhizobacteria may only be optimized if mechanisms as well as biotic and abiotic factors 
affecting promotion during plant-microbe interactions are properly understood. Thus future 
research is better aimed at understanding these influences factor to contribute more 
consistent result in the development of PGPR inoculants. 
 
4.1.3 Effects of different formulations of Sp245 on root growth stimulation 
Formulation of inoculants is crucial to ensure the effectiveness of PGPR, their affordability, 
and practicality for growers. The significant difference in total root length between cuttings 
treated with Sp245 culture grown with tryptophan and supernatant indicates the important 
role of Sp245 cells in stimulating root growth than IAA alone. However, formulation using 
Sp245 cells washed and resuspended in MgSO4, to further investigate the effect of Sp245 
cells in L. stoechas propagation, was ineffective to stimulate L. stoechas cuttings. In contrast 
to this result, the same formulation of inoculum using PGPR cells resuspended in MgSO4 
buffer to inoculate ornamental carnation cutting was reported to stimulate higher root 
growth over control treatment and was comparable to commercial rooting hormone 
treatment (Li et al., 2005). In other report, mung bean cuttings treated with diluted cultures 
of IAA-producing PGPR in water contributed to the development of mung bean root systems 
even after removal of supernatant containing IAA (Patten and Glick, 2002). In this study, the 
production of IAA in cultures was low before resuspending in MgSO4 which may explain the 
poor root-growth response. Although cell numbers were consistent with previously 
successful experiments, the minimum number of viable cells suspended in MgSO4 to 
stimulate root growth during cutting propagation should be determined. 
 
Cost effectiveness of media constituents is essential for large-scale commercial production of 
inoculants. Different media compositions should be tested for maximum growth of Sp245 as 
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DF medium is costly. In addition, IAA production and subsequent root growth promoting 
effect should be measured after growth of PGPR with a range of tryptophan concentration to 
determine minimum requirements. One study reported bacterial IAA production and 
subsequent plant growth was observed at tryptophan levels less than 0.1% (Patten and Glick, 
2002). Reducing tryptophan levels will decrease input costs for mass production of 
inoculants. 
 
Alternative inoculants formulations such as freeze-dried preparations of PGPR should be 
further should be further investigated to determine if IAA synthesis could be increased. 
Freeze-dried cell formulations are more stable and easier to handle than liquid inoculants. In 
this study, peat culture of the Sp245 had produced considerably lower IAA than Sp245 grown 
with tryptophan and consequently was poorly effective in terms of root-growth response 
stimulation of cuttings. Clearly, development of an effective formulation that promotes IAA 
production as well as maintaining cells viability over time is required to improve reliability of 
inoculants based on PGPR. Further work on stimulating IAA production in peat culture may be 
useful because peat formulations are most successful in terms of microbial growth and 
survival. 
 
4.2 Conclusion 
This study has shown the importance of selecting the most effective plant-microbe 
interactions by screening desired PGP traits and the most responsive host plant to ensure the 
most beneficial effects on plant growth. Sp245 culture grown with tryptophan and L. 
stoechas cutting was the most effective combination and showed comparable root growth 
parameters compared to commercial rooting hormone and was superior to the control 
treatment. The IAA concentration and Sp245 cells contained in the immersion solution most 
likely contributed to the improved root growth. Peat cultures of Sp245 as possible inoculant 
formulation were ineffective for L. stoechas cutting-based propagation due to the low 
concentration of IAA. This study has contributed information in the application of IAA-
producing rhizobacteria in plant propagation, specifically ornamental cutting production, and 
also has attempted to explore the possibility of reducing the synthetic root growth hormone 
in ornamental propagation. 
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APPENDIX A 
Composition of media, buffers and solutions. 
 
Media/buffer/solution Composition/L 
  Bacterial cultures 
 Glycerol nutrient broth 
 Peptone 0.5 g 
Yeast extract 1 g 
NaCl 0.5 g 
Lab lemco powder 1 g 
Glycerol 12.5 g 
water 100 mL 
 
 
 Nutrient agar 
 Dehydrated nutrient broth (Difco ™) 8 g 
Agar 15 g 
water to 1L 
 
 
 Nutrient broth 
 Dehydrated nutrient broth (Difco ™) 8 g 
Water to 1 L 
  
  Semi solid nitrogen free broth medium (Nfb) 
 L-malic acid 
 K2HPO4 0.5 g 
MgSO4.7H2O 0.2 g 
NaCl 0.1 g 
CaCl2 0.02 g 
Agar 2 g 
Fe-EDTA (1.645 solution) 4 mL 
Trace elements solution * 2 mL 
Bromothymol blue (0.5%, w/v in 0.2.M KOH solution) 2 mL 
Vitamin # 1 mL 
water to 1 L 
 
(pH was adjusted to 6.8 with KOH, the solution should be green in colour and 
autoclaved at 121°C for 15 minutes) 
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*Trace elements stock solution 
 Na2MoO4.2H2O 0.2 g 
MnSO4.H2O 0.235 g 
H3BO3 0.28 g 
CuSO4.5H2O 0.008 g 
ZnSO4.7H2O 0.024 g 
water to 1 L 
  #Vitamin stock solutions 
 Biotin 0.01 g 
Pyridoxin 0.02 g 
water to 20 mL 
Diluted from stock, 50 times and added 1 mL/L medium 
 
  
  Dworkin& Foster minimal medium 
 
  (NH4)2SO4 2 g 
KH2PO4 4 g 
Na2HPO4 6 g 
MgSO4.7H20 0.2 g 
FeSO4.7H20 * 0.1 mL 
Micro element 0.1 mL 
  Micro elements : 
 B (as H3BO3) 10 µg 
Mn (as MnSO4) 10 µg 
Cu (as CuSO4) 50 µg 
Zn (as ZnSO4) 70 µg 
Mo (as MoO3) 10 ug 
water to 1 L 
  Each chemical was added one at a time until completely dissolved, then the solution 
pH was adjusted to 7.2. The solution was then autoclaved at 121°C for 20 minutes. 
Once cooled, glucose was added aseptically through Milipore filtration (0.2 µ) to a 
final concentration of 0.5% (w/v) 
 
Stock solution: 
FeSO4.7H20 100 mg 
water to 10 mL 
  Micro element stock:   
 H3BO3 10 mg 
MnSO4     10 mg 
ZnSO4 70 mg 
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CuSO4 50 mg 
MoO3 10 mg 
water to 100 mL 
  King’s B 
 Protease peptone 20 g 
Glycerol 10 g 
K2HPO4 1.5 g 
MgSO4. 7H2O 1.5 g 
Agar 15 g 
  pH was adjusted to 7.2 after which glycerol and agar were added. Medium was 
autoclaved at 121°C for 15 minutes 
  
  Phenol red carbohydrate fermentation medium 
 (NH4)2SO4 2 g 
Yeast extract 0.5 g 
Tryptone 1 g 
Phenol red 0.18 g 
Trace elements 10 mL 
  The solution was made to 1 L with phosphate buffer and autoclaved at 121°C for 20 
minutes allow the solution to room temperature. The carbohydrate stock solution was 
added aseptically through milipore filtration (0.2 µm) to a final concentration of 0.5% 
  Carbohydrate stock solution 
 L-sorbose or D-glucose 100 g 
Water to  1 L 
  Trace elements  
 
  Na2 MoO4. H2O 0.2 g 
MnSO4.H2O 0.235 g 
H3BO3 0.28 
CuSO4. 5H2O 0.008 g 
ZnSO4. 7H2O 0.024 g 
  Phosphate buffer 
 K2HPO4 1.21 g 
KH2PO4 0.34 g 
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IAA determination 
 Salkowski reagent 
 water 50 mL 
12M H2SO4 (sp. gr. 1.84) 25 mL 
0.5M FeCl3 5 mL 
The acid was slowly added to the water and the solution was 
let cool in room temperature. FeCl3 was added and mixed 
well 
 
 
 
  IAA standard solution (500 µg/mL) 
 IAA standard  0.05 g 
Ethanol : water (50:50) 100 mL 
  
  IAA working solution (10 µg/mL) 
 IAA standard solution 1 mL 
water 50 mL 
  
  Buffer 
 Saline solution (0.85%) 
 NaCl 8.5 g 
Water to 1 L 
  
  Plant nutrient solution 
 Hoagland’s nutrient solution 
 
  1 M NH4H2PO4 1 mL 
1 M KNO3 6 mL 
1 M Ca(NO3)2.4H2O 4 mL 
1 M MgSO4.7H2O 2 mL 
1 M Fe-EDTA (0.5% aqueos) 2 mL 
Micronutrient 1 mL 
Water to 1 L 
  Micronutrient stock g/L of H2O 
H3BO3 2.86 
MnCl2. 4H2O 1.81 
ZnSO4.7H2O 0.22 
CuSO4. 5H2O 0.08 
H2MoO4.H2O 0.02 
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APPENDIX B 
Molecular reagents 
 
All molecular reagents, enzymeand buffer, were purchased from Bioline (Aust) Pty Ltd 
whereas primers were purchased from Integrated DNA technology, Inc.  
 
MangoTaqmastermix   
 Final concentration 25µL reaction 
MilliQ water  16.85 µL 
5x  MangoTaq buffer colored 1x 5 µL 
MgCl2 (50 mM) 2 mM 1 µL 
dNTPs (10 mM) 0.2mM 0.5 µL 
Primer 27F (50 µM) 0.4 µM 0.2  µL 
Primer 1492R (50 µM) 0.4 µM 0.2  µL 
MangoTaq DNA polimerase 0.5 U 0.25  µL 
   
  Sequence (5’-3’) 
Primer 27F (  AGAGTTTGATCMTGGCTCAG 
Primer  1492R  GCYTACCTTGTTACGACTT 
 
 
 
